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ABSTRACT 
 
Sri Hapsari Budisulistiorini: Real-Time Chemical Characterization of Atmospheric Organic 
Aerosol in the Southeastern United States By Aerosol Mass Spectrometry 
(Under the direction of Jason D. Surratt) 
 
The chemical characteristics and sources of atmospheric organic aerosol (OA) in the 
southeastern United States (U.S.) are least known compared to the other areas due to the 
complex mixture of anthropogenic and biogenic emissions in this area. The chemical 
characterization of atmospheric OA requires real-time continuous measurements over different 
seasons to capture the variability of precursor emissions as well as changes in meteorological 
conditions. Previous studies in this region were limited by low time resolution and low-mass 
identification. Continuous approaches, such as the newly developed Aerodyne Aerosol Chemical 
Speciation Monitor (ACSM) applied here, have the benefit of high time resolution and 
immediate chemical analysis of ambient non-refractory fine aerosol using electron ionization 
followed by quadrupole aerosol mass spectrometry. The ACSM is designed for long-term 
monitoring, making it suitable for identifying sources of atmospheric OA based on chemical 
composition and temporal variations. This dissertation demonstrates that the ACSM is capable of 
stable and reproducible operation over extended measurement periods. ACSM measurements 
compared well with established air-monitoring data in urban Atlanta, GA, and rural Look Rock, 
TN. Source apportionment of summer OA measured by the ACSM using positive matrix 
factorization in Atlanta yielded four sources (factors), namely hydrocarbon-like OA (HOA), 
iv 
semi-volatile oxygenated OA (SV-OOA), low-volatility oxygenated OA (LV-OOA), and 
isoprene epoxydiol (IEPOX)-OA. The IEPOX-OA was firstly attributed to the heterogeneous 
chemistry of IEPOX in this study and was found to be significant source in the southeast U.S. 
that contributes to the total OA mass on average of 33%. Strong association between the IEPOX-
OA and sulfate is consistent between urban and rural sites. Despite no clear association of 
IEPOX-OA with locally estimated aerosol acidity and liquid water content, box model 
calculations of IEPOX uptake accounting for the role of acidity and aerosol water result in 
predictions of IEPOX-derived SOA tracers at the Look Rock site moderately correlated with 
observations. 
The remarkable consistency of IEPOX-OA contribution across this region reveals the 
importance of heterogeneous chemistry of IEPOX in forming OA. Findings from this 
dissertation could help in developing policy and regulation for mitigating air pollution in this 
region.  
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CHAPTER 1: INTRODUCTION 
 
1.1 Atmospheric organic aerosol  
Atmospheric fine aerosol (PM2.5, particulate matter with aerodynamic diameters less than 
2.5 µm) affect global radiative forcing by scattering and absorbing incoming solar radiation 
(IPCC, 2013a, Jacobson, 2001, Charlson et al., 1992). Moreover, water-soluble aerosol can serve 
as cloud condensation nuclei, increasing the cloud albedo leading to significant negative global 
radiative forcing  (Charlson et al., 2001, IPCC, 2013a). PM2.5 are also known to cause adverse 
human health effects (Pope III et al., 2002). Based on epidemiological studies, PM2.5 are more 
closely associated with to respiratory diseases and premature death rather than coarse particles 
(Dockery et al., 1993).  
Organic aerosol (OA) contributes a major fraction of the submicron aerosol (PM1) mass 
in the troposphere, where upwards of 90% over tropical forested areas has been observed  
(Andreae and Crutzen, 1997). However, OA sources, composition and atmospheric chemical 
transformations remain uncertain (Jimenez et al., 2009). While inorganic aerosol constituents, 
such as sulfate and nitrate, are largely anthropogenic in origin, OA can be attributed to both 
anthropogenic and biogenic sources  (Andreae and Crutzen, 1997). OA consists of both primary 
organic aerosol (POA) that is directly emitted into the atmosphere, and secondary organic 
aerosol (SOA) that is formed from the atmospheric oxidation of volatile organic compounds 
(VOCs). POA sources include fossil fuel combustion from vehicles and power generation, 
residential burning from cooking and heating as well as forest fires (Kanakidou et al., 2005). 
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Although, POA contribution to OA mass could be large during morning rush hours, during 
midday SOA could exceed POA contributing up to 90% of the total OA (Docherty et al., 2008), 
indicating the critical role of photochemical processes in SOA formation.  
Gaseous precursors of SOA are derived from anthropogenic (e.g., toluene and 1,3,5-
trimethylbenzene) and biogenic (e.g., monoterpenes and isoprene) sources (Baltensperger et al., 
2005, Kleindienst et al., 2007, Alfarra et al., 2006). Biogenic VOCs (BVOCs) are considered to 
be major contributors to the global SOA burden, with total biogenic secondary organic aerosol 
(BSOA) fluxes of 88 TgC yr-1 (Hallquist et al., 2009). Both laboratory and field studies indicate 
that potential BVOC precursors, such as α-pinene  (Jaoui and Kamens, 2003), β-pinene  (Jaoui 
and Kamens, 2003), and isoprene (Edney et al., 2005, Kroll et al., 2005, Kleindienst et al., 2006, 
Claeys et al., 2004), play an important role in atmospheric SOA production. Chamber and field 
studies  (Odum et al., 1997, Kanakidou et al., 2005) indicate that VOCs emitted by motor 
vehicles are a source of anthropogenic SOA, adding 10 TgC yr-1 towards the global SOA burden 
(Hallquist et al., 2009). In addition, global SOA modeling estimated a maximum of 10 Tg of 
SOA per year could be attributed to urban/industrial sources that enhance SOA formation from 
BVOCs (Spracklen et al., 2011). 
1.2 Mass spectrometry technique for atmospheric aerosol measurements 
Based on the degree of characterization, OA measurements can be classified into indirect 
methods as well as offline (e.g., gas chromatography/mass spectrometry and liquid 
chromatography/mass spectrometry) and online (e.g., aerosol mass spectrometry) techniques 
(Hallquist et al., 2009). Offline techniques, which require OA time-integrated collection and 
extraction steps, offer molecular characterization of SOA tracers that are important in identifying 
their gaseous precursors and chemical formation processes. Gas chromatography/mass 
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spectrometry (GC/MS), one of the most widely used offline techniques, requires an additional 
derivatization step that is necessary for detecting highly oxidized and polar compounds that 
largely comprise SOA. GC/MS with prior derivatization has been used to identify oxidized SOA 
compounds from various precursors  (Edney et al., 2005, Claeys et al., 2004, Jaoui and Kamens, 
2003, Surratt et al., 2006, Szmigielski et al., 2007, Lin et al., 2013a).  Liquid 
chromatography/mass spectrometry (LC/MS) interfaced with electrospray ionization (ESI) or 
atmospheric pressure chemical ionization (APCI) is powerful in characterizing large polar 
organic compounds without the need for prior derivatization. This technique has been applied in 
characterizing SOA from chamber studies (Surratt et al., 2006, Iinuma et al., 2009, Lin et al., 
2012), including sulfated- and nitrated-organics (Surratt et al., 2007a, Surratt et al., 2008, Iinuma 
et al., 2007) as well as carboxylic acids and dimer esters (Kristensen et al., 2013). These offline 
analytical techniques are susceptible to both positive and negative artifacts due to evaporation, 
adsorption, and chemical reactions during the collection and analysis procedures (Turpin et al., 
2000, Schauer et al., 2003). Offline techniques are also limited temporally and spatially, causing 
our understanding of formation kinetics and critical intermediates to remain unclear (Hallquist et 
al., 2009). 
Online chemical analysis techniques have been developed to analyze bulk aerosol masses 
at higher time-resolutions. Numerous aerosol mass spectrometers have since been introduced, 
and one of the most widely used is the Aerodyne Aerosol Mass Spectrometer (AMS) (Jayne et 
al., 2000, Allan et al., 2003, Jimenez et al., 2003, Canagaratna et al., 2007). The AMS applies 
thermal desorption by flash vaporizing the aerosol components and subsequently ionizing the 
desorbed components by electron ionization, followed by the detection and analysis of the ions 
using a quadrupole aerosol mass spectrometer (Q-AMS). The latest version of the AMS 
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(Drewnick et al., 2005, DeCarlo et al., 2006) replaces the Q-AMS with a time-of-flight aerosol 
mass spectrometer (ToF-AMS), which allows for the accurate mass determination of ions 
measured.The AMS provides bulk composition of the OA at high-time resolution (1 min or less), 
however, the high EI energy results in fragmentation of the OA so that individual compounds 
cannot be identified. The AMS instruments also require dedicated and knowledgeable scientists 
for operating and analyzing its data that makes this instrument not well suited for long-term 
deployment or routine air quality monitoring. Aerodyne, Inc., recently introduced the Aerosol 
Chemical Speciation Monitor (ACSM) (Ng et al., 2011b). It is designed to have a similar 
sampling and detection technologies as the latest AMS instrument, but with a low-resolution 
quadrupole aerosol mass spectrometer that gives a slower data acquisition and without the 
particle beam chopper system that gives particle size information. Field deployments of the 
ACSM have demonstrated its capabilities of measuring bulk aerosol organic and inorganic 
species (Ng et al., 2011b, Takahama et al., 2012, Sun et al., 2012, Carbone et al., 2013), 
however, its performance against established air quality monitoring stations for extended periods 
(i.e., years) have not been fully addressed.    
1.3 Source apportionment of organic aerosol  
Owing to the highly fragmented OA fraction of the AMS and the ACSM measurements, 
statistical approaches are used to identify components in the total OA mass spectra. A series of 
multivariate linear regression methods applied to the AMS OA collected at Pittsburgh, PA 
identified hydrocarbon-like OA (HOA) and oxygenated-like OA (OOA) contributions based 
solely on the ions at m/z 44 (mostly CO2+) and m/z 57 (mostly C4H9+) of the OA mass spectra  
(Zhang et al., 2005b). Positive matrix factorization  (PMF, Paatero and Tapper, 1994) was then 
introduced to identify OA components and their sources, which includes HOA, charbroiling, 
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wood burning, cooking, OOA-1 (low-volatility OOA), and OOA-2 (more volatile OOA) (Lanz et 
al., 2007). PMF is a bilinear model in which a matrix dataset (OA mass spectra by time) is 
assumed to be a linear combination of factors with constant profiles (mass spectra (MS)) that 
have varying contributions over time (time series (TS)) across the dataset (Ulbrich et al., 2009). 
Application of PMF as a source apportionment method to air pollution events was suggested to 
examine their specific sources for regulatory purposes  (Engel-Cox and Weber, 2007). It should 
be noted that these multivariate factor analysis methods provide non-unique mathematical 
solutions that need to be carefully evaluated and interpreted to explore variable co-variations in 
OA dataset that can be associated with physically meaningful sources, chemical characteristics, 
and/or processes. Evaluation of PMF solutions includes uncertainties, distinctiveness, and 
interpretability of the factor solutions as well as intercomparison of the factor solutions and 
residuals (Ulbrich et al., 2009, Zhang, 2011). These evaluations can be done through an Igor-
based (WaveMetrics, Lake Oswego, OR) open-source PMF Evaluation Tool (PET, Ulbrich et al., 
2009) with guidelines for OA factor interpretations is provided by Zhang et al. (2011).     
1.4 Atmospheric organic aerosol in the southeastern United States  
OA formation has been extensively studied in the recent years. Field studies conducted in 
urban and rural areas around the world showed that the OA fraction could contribute 
substantially to the PM1 mass (Jimenez et al., 2009). The southeastern U.S. is unique in that this 
area of the world, containing scattered urban areas surrounded by densely forested areas. This 
allows mixing of anthropogenic and biogenic emissions that leads to enhanced SOA formation 
(Weber et al., 2007). Measurements of OA collected on filters in urban areas in southeastern U.S. 
suggested a small contribution of POA (<2%) to the total fine aerosol mass (Blanchard et al., 
2014). Previous studies found that primary species contributions were high during colder 
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periods, while secondary species, such as sulfate and SOA, were higher during warmer months 
(Zheng et al., 2002, Ding et al., 2008). 
Biogenic emissions in this region are dominated by isoprene (2-methyl-1,3-butadiene, 
C5H8) and have been modeled to be upwards of 16 mg m-2 h-1 (Guenther et al., 2006, Guenther et 
al., 1994). Isoprene was estimated to contribute up to 50% of the biogenic SOA mass over the 
U.S., and SOA could contribute up to 20% of fine aerosol mass in the southeastern U.S. (Liao et 
al., 2007). Under low-nitric oxide (NO) conditions (NO mixing ratios approach zero) (Kroll et 
al., 2006), hydroxyl radical (OH)-initiated oxidation of isoprene yields hydroxyhydroperoxides 
(ISOPOOH), which are further oxidized in the gas phase to isoprene epoxydiols (IEPOX) (Paulot 
et al., 2009, Surratt et al., 2010). Reactive uptake (i.e., heterogeneous/multiphase chemistry) of 
gaseous IEPOX onto pre-existing acidified sulfate aerosol has been demonstrated as a major 
pathway for SOA formation from isoprene oxidation (Lin et al., 2012, Nguyen et al., 2014, 
Gaston et al., 2014).  
Recently, known IEPOX-derived SOA tracers, which includes the 2-methyltetrols 
(Claeys et al., 2004), C5-alkene triols (Wang et al., 2005), 3-methyltetrahydrofuran-3,4-diols (Lin 
et al., 2012, Zhang et al., 2012c), IEPOX-derived organosulfates  (Surratt et al., 2010, Lin et al., 
2012), and IEPOX-derived dimers  (Surratt et al., 2010, Lin et al., 2012) were detected by gas 
chromatography/mass spectrometry (GC/MS) and liquid chromatography/electrospray ionization 
mass spectrometry (LC/ESI-MS) methods and estimated to account for upwards of ~20% of total 
organic mass in summertime fine aerosol (PM2.5) collected at the Yorkville, Georgia, which is 
one of the sites of the Southeastern Aerosol Research and Characterization (SEARCH) network  
(Lin et al., 2013a). Moreover, seasonal measurements of isoprene-derived SOA tracers in the 
southeastern U.S. found that they are associated with water-soluble organic compounds (WSOC) 
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(Ding et al., 2008) with the highest contribution observed during summer months (Kleindienst et 
al., 2007). Observations of sulfate derivatives of 2-methyltetrols and 2-methylglyceric acid 
(Surratt et al., 2007a, Surratt et al., 2008, Jaoui et al., 2008) from ambient fine aerosol collected 
from the southeastern U.S. suggest influence of anthropogenic emissions, i.e., SO2, on isoprene-
derived SOA formation.   
 
1.5 Objectives of this dissertation 
This dissertation investigates the sources of ambient OA in the southeastern U.S. by 
using the Aerodyne Aerosol Chemical Speciation Monitor (ACSM). Previous studies have 
resolved varying sources of OA in the southeastern U.S., however, they were characterized from 
integrated filter samples that were at risk of artifact formation and were limited to certain time 
periods. Since the ACSM continuously measures in real-time, it will provide more detailed 
insights into chemical evolution and atmospheric processing of OA. However, this newly 
developed method has never been deployed for yearlong (or even multi-year) measurements. 
Therefore, evaluation of the ACSM performance at established air monitoring stations is an 
essential step, especially since these sites are well equipped with a comprehensive set of 
collocated gas- and aerosol-phase measurements.  
Non-refractory fine aerosol (NR-PM1) were collected continuously throughout a year at 
both an urban and rural site using the newly developed ACSM. The ACSM performance was 
examined against existing particle measurements at each sampling site. The chemical 
composition of OA was then investigated using PMF to resolve factors that might be attributed 
as OA sources based on their mass spectra and time trends. Other analytical techniques were 
utilized in order to compare with and to support results obtained from the ACSM and PMF 
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analyses. Chemical results obtained from both the urban and rural sites over several seasons 
provided information on OA sources and chemical characteristics in the southeastern U.S.  
Specific questions that will be addressed in this work include: 
How does the newly developed ACSM perform for long-term monitoring purposes against 
existing PM measurements in the southeastern U.S.? 
Performance analysis of the ACSM will be presented in Chapter 2. This chapter systematically 
compares OA and inorganic aerosol (sulfate, nitrate, and ammonium) measured by the ACSM 
with the collocated particle measurements at the Jefferson Street (JST) site in Atlanta, GA.  
What are the sources and chemical characteristics of ambient OA in the southeastern U.S.? 
What are their temporal variations over long time periods? Do anthropogenic emissions 
influence biogenic SOA formation in this region? 
These questions will be addressed in Chapters 3 and 4. Chapter 3 describes source apportionment 
of OA at an urban site located at Atlanta, GA. Chapter 4 describes the same approaches for a 
rural and densely forested site in the Great Smoky Mountains located at Look Rock, TN.  
Chapter 5 will present conclusions based on the findings derived from this dissertation. Future 
work will also be discussed. Supplemental information associated with Chapter 2, 3, and 4 will 
be provided in the Appendix A, B, and C, respectively. Finally, a parallel study about light-
absorbing compounds in isoprene-derived SOA is provided after the references.
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CHAPTER 2: INTERCOMPARISON OF AN AEROSOL CHEMICAL SPECIATION 
MONITOR (ACSM) WITH AMBIENT FINE AEROSOL MEASUREMENTS IN 
DOWNTOWN ATLANTA, GEORGIA1 
 
2.1 Abstracts 
Currently, there are a limited number of field studies that evaluate the long-term 
performance of the Aerodyne Aerosol Chemical Speciation Monitor (ACSM) against established 
monitoring networks. In this study, we present seasonal intercomparisons of the ACSM with 
collocated fine aerosol (PM2.5) measurements at the Southeastern Aerosol Research and 
Characterization (SEARCH) Jefferson Street (JST) site near downtown Atlanta, GA, during 
2011–2012. Intercomparison of two collocated ACSMs resulted in strong correlations (r2 > 0.8) 
for all chemical species, except chloride (r2 = 0.21) indicating that ACSM instruments are 
capable of stable and reproducible operation. In general, speciated ACSM mass concentrations 
correlate well (r2 > 0.7) with the filter-adjusted continuous measurements from JST, although the 
correlation for nitrate is weaker (r2 = 0.55) in summer. Correlations of the ACSM NR-PM1 (non-
refractory particulate matter with aerodynamic diameter less than or equal to 1 µm) plus EC with 
TEOM PM2.5 and FRM PM1 mass are strong with r2 > 0.7 and r2 > 0.8, respectively.  
Discrepancies might be attributed to evaporative losses of semi-volatile species from the filter 
                                                
1 This chapter is reproduced by permission from “Intercomparison of an Aerosol Chemical 
Speciation Monitor (ACSM) with Ambient Fine Aerosol Measurements in Downtown Atlanta, 
Georgia” by S. H. Budisulistiorini, M. R. Canagaratna, P. L. Croteau, K. Baumann, E. S. 
Edgerton, M. S. Kollman, N. L. Ng, V. Verma, S. L. Shaw, E. M. Knipping, D. R. Worsnop, J. 
T. Jayne, R.J. Weber, and J. D. Surratt, Atmospheric Measurement Techniques, 7, 1929–1941, 
2014. Copyright (2014) retained by the authors according to Copernicus Publications. 
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measurements used to adjust the collocated continuous measurements. This suggests that 
adjusting the ambient aerosol continuous measurements with results from filter analysis 
introduced additional bias to the measurements. We also recommend to calibrate the ambient 
aerosol monitoring instruments using aerosol standards rather than gas-phase standards. The 
fitting approach for ACSM relative ionization for sulfate was shown to improve the comparisons 
between ACSM and collocated measurements in the absence of calibrated values, suggesting the 
importance of adding sulfate calibration into ACSM calibration routine.   
2.2 Introduction 
Atmospheric fine particulate matter with aerodynamic diameters less than or equal to 2.5 
microns (PM2.5) have adverse effects on human health (Dockery et al., 1993), reduce visibility, 
and play a role in Earth’s climate (IPCC, 2013b). As a result, there has been an ongoing need to 
resolve the chemical composition of PM2.5 in order to identify their exact sources, and thus, 
develop effective control strategies. Organic matter (OM) contributes a major fraction (25–70%) 
of the submicron (PM1) mass in the troposphere; however, its sources, composition and 
atmospheric chemical transformations remain unclear (Jimenez et al., 2009). Inorganic aerosol 
constituents, such as sulfate (SO42-), nitrate (NO3-), ammonium (NH4+), and chloride (Cl-) can 
also be major components of PM2.5, depending on location and time of year.  
Numerous methods for measuring the mass and chemical composition of PM have been 
put forward, including integrated-filter samplers with subsequent laboratory analysis (e.g., 
Baumann et al., 2003, Solomon et al., 2003b), semi-continuous methods (e.g., Weber et al., 
2003a, Weber et al., 2003b, Lim et al., 2003), and real-time instruments  (e.g., Gard et al., 1997, 
Lee et al., 2002, Jimenez et al., 2003). Differences between sampling techniques may occur for a 
host of reasons, including design, analysis methods, and assumptions used in data reduction. 
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Hence, comparison of new sampling methods with established techniques allows one to 
determine its suitability for long-term air quality monitoring.  
The Aerodyne Aerosol Chemical Speciation Monitor (ACSM, Ng et al., 2011b) is 
designed for reliable long-term operation with minimal user intervention. The key differences 
between the ACSM and the aerosol mass spectrometer (AMS, Jayne et al., 2000) is that the 
former lacks a particle beam chopper and uses a relatively lower sensitivity quadrupole and, 
therefore, data must be averaged over a longer period to obtain sufficient signal-to-noise for 
quantification. Recent studies showed that the ACSM data are strongly correlated (r2 > 0.8) with 
the Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) (Ng et 
al., 2011b), time-of-flight ACSM (ToF-ACSM) and compact time-of-flight AMS (Frohlich et al., 
2013). Comparisons of SO42- aerosol showed good correlations between the ACSM and the 
particle-into-liquid-sampler coupled to an ion chromatograph (PILS-IC), and the Thermo 
Scientific Sulfate Particulate Analyzer (model 5020i), where the ACSM measured 31% lower for 
SO42- than these two instruments. For NO3- aerosol, the ACSM measured 25% lower than the 
PILS-IC (Ng et al., 2011b). A recent deployment of the ACSM in Beijing, China, reported a 
good correlation between the total non-refractory PM1 (NR-PM1) estimated from the sum of all 
species measured by the ACSM with the PM2.5 measured by the tapered element oscillating 
microbalance (TEOM), where the ACSM NR-PM1 reported 64% of the TEOM PM2.5 mass (Sun 
et al., 2012).  
The present study compares ambient NR-PM1 measured by the ACSM with a suite of 
collocated particle measurements in Atlanta, Georgia. The collocated particle measurements 
include another ACSM operated by the Georgia Institute of Technology (GIT), continuous SO42-, 
NO3-, and NH4+ measurements operated by Atmospheric Research & Analysis Inc. (ARA), semi-
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continuous OC/EC measurements, total PM2.5 mass measured by TEOM, integrated SO42-, NO3-, 
and NH4+ by particle composition monitor (PCM) developed by ARA, and integrated PM2.5 and 
PM1 mass measurements based on the Federal Reference Method (FRM). 
In the discussion that follows, we first compare individual species (i.e., OM, SO42-, NO3-, 
NH4+, and Cl-) and total NR-PM1 mass measured from collocated ACSMs during a short period 
between January and February 2012. Secondly, we compare species measurements (minus 
chloride) and total mass from the ACSM with OC, SO42-, NO3-, NH4+, and PM2.5 from 
continuous and filter measurements at the JST site during summer and fall 2011. We compare 
mass from the ACSM with total mass from integrated FRM measurements in three short periods 
of January-February, April-May, and July 2012. Lastly we estimate aerosol density from 
continuous measurements between 17 October to 20 November 2012. From this 
intercomparison, we have gained more knowledge on continuous ambient aerosol measurements, 
including the importance of calibrating the routine monitoring aerosol instruments with true 
aerosol standards rather than gas-phase standards, as well as sulfate calibration as additional 
routine calibration for the ACSM. 
2.3 Experimental section  
2.3.1 Site description 
Ambient aerosol from Atlanta, Georgia, was collected at the Jefferson Street (JST) site 
(33.7775°N, 84.4166°W), which is located in a mixed industrial-residential area about 4.2 km 
northwest of downtown Atlanta (Hansen et al., 2003, Solomon et al., 2003a). The JST site is one 
of the research sites of Southeastern Aerosol Research and Characterization (SEARCH) network 
that is equipped with a suite of gas, particle, and meteorological measurements. Details of these 
measurements are described in subsequent sections. The University of North Carolina at Chapel 
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Hill (UNC) ACSM was operated continuously at JST from 27 July 2011 through 21 September 
2012, while the GIT ACSM was deployed at this site from 31 January through 29 February 2012. 
The period when both ACSMs were collocated at JST is used to evaluate the ACSM 
performance, and the extended periods in 2011 and 2012 are used to evaluate the accuracy of 
ACSM measurements against established monitoring network measurements.   
2.3.2 NR-PM1 and chemical measurements by the ACSM 
During February 2012, NR-PM1 was measured by two ACSMs that belong to UNC and 
GIT, and placed in an air-conditioned trailer at JST. Sampling conditions for both ACSMs are 
described in Table 2.1. Both ACSMs were operated to scan 150 mass-to-charge (m/z) of 
fragmented ions at a rate of 500 ms amu-1. Vaporizer and heater bias were set at 600 °C and 
100.30 V, respectively, with the bias voltage chosen to maximize the N2 (m/z 28) signal. Particle-
laden and particle-free air were sampled interchangeably and averaged over ~30 min intervals for 
each measurement. We calibrated the ACSM on site. The ACSMs were calibrated for response 
factor (RF) and relative ionization efficiency (RIE) using a separate calibration system for UNC 
and GIT. The resulting values for each instrument are reported in Table 2.1, and for UNC 
ACSM, different calibration values were used for different seasons.  
Data acquisition software provided by ARI was used to process the measurements to 
obtain total organic and inorganic (i.e., SO42-, NO3-, NH4+, and Cl-) aerosol mass concentrations. 
Further details of the concentration calculation are discussed by Ng et al. (2011b) and shown in 
Eq. 2.1. 
𝐶! = !"!!!/!× !"!"!"#!× !!"#×!!"#!"!"! × !!×! 𝐼𝐶!,!!""  !       (2.1) 
 
 14 
Table 2.1 UNC and GIT ACSMs sampling setup at the JST site 31 January – 29 February 2012. 
 UNC GIT 
Sampling inlet PM2.5 cyclone PM2.5 cyclone 
Sampling line length 5.00 m 5.00 m 
Sampling line diameter 0.64 cm OD and 0.46 cm ID 
stainless steel tube 
1.27 cm ID for 1 m of length 
0.95 cm ID for 4 m of length 
Sample drying 50-tube Nafion dryer (Perma 
Pure PD-50T-24SS) with 
7.00 L min-1 of sheath air 
coming from dry/zero air 
system 
200 tube nafion dryer (Perma Pure 
PD-200T-12 MPS) running with 
0.50 L min-1 sheath air flow (under 
vacuum). 
ACSM sampling flow rate 3.00 L min-1 3.00 L min-1 
RFNO3 calibration 3.79 x 10-11 3.97 x 10-11 
RIENH4 calibration 6.00 4.30 
RIESO4 fitting 0.79 0.54 
RIENO3 default 1.10 1.10 
RIECl default 1.30 1.30 
RIEOrganic default 1.40 1.40 
Reference flow (Qcal in cm3 s-1) 1.39 1.35 
Data acquisition software   ACSM DAQ v1.4.2.2 ACSM DAQ v1.4.2.5 
Data analysis procedure  ACSM Local v1.5.2.0 ACSM Local v1.5.2.0 
 
Species mass concentration (Cs) is calculated based on measured ion current (IC in amps) at 
fragment ion i. CEs is collection efficiency for species s and RFNO3 is instrument response factor 
from calibration. Tm/z is correction for the m/z dependent ion transmission efficiency of the 
quadrupole. Qcal and Gcal are the volumetric sample flow rate and multiplier gain, respectively, 
and were determined from calibration, while Q and G are obtained during the measurements. 
During data processing, calibrated and measured Q and G cancel each other out as part of 
airbeam correction factor (Eq. 2.2), and no separate correction is applied for flow rate. The 
airbeam correction is applied as it is uncertain whether airbeam signal changes due to gain or 
flow changes. 
𝐴𝑖𝑟𝑏𝑒𝑎𝑚  𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛  𝑓𝑎𝑐𝑡𝑜𝑟 = !!"#×!!"#!×!        (2.2) 
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An airbeam signal (i.e., m/z 28) was used to normalize the measurements with respect to 
instrument measurement sensitivity (i.e., secondary electron multiplier (SEM) gain decay) and 
sampling flow rate. The effusive naphthalene source was not used due to lower signal-to-noise 
compared to m/z 28 and its dependency on effusion flow and/or background contamination. 
Moreover, the changes in flow rate need to be accounted for by using the filtered airbeam. The 
ACSM uses a filtered air mass spectrum to account for backgrounds (e.g., N2 and CO). These 
signals will vary with flow rate or slowly desorbing material. Contribution of the slowly 
desorbing material, however, is generally small compared to the N2 signal at m/z 28. 
RIEs for species s was determined from calibrations of laboratory-generated aerosols of 
each species using Aerodyne AMS  (Alfarra et al., 2004, Canagaratna et al., 2007). Since the 
ACSM particle vaporization and ionization source are similar but not identical in design to that 
of the AMS, there may be differences in RIE values compared to those referenced above. The 
vaporizer is identical between ACSM and AMS systems. The ion formation chamber in the 
ACSM is somewhat smaller than in the AMS. The ion source volume in the ACSM is calculated 
to be 370 mm3 and that of the AMS is 580 mm3. We note, however, that the effective volume is 
really defined by the electric fields and it is not easily calculated. In both systems the diameter of 
the extraction into the ion optic lens region is 3 mm. The smaller ion source volume (with tighter 
spatially distributed electric fields) in the ACSM could result in larger variability of the relative 
ionization efficiencies with respect to precise particle beam alignment, which currently being 
investigated.  
The default RIE value for ammonium (RIENH4) was 3.5; the value obtained from ACSM 
calibrations was approximately 5.71 (Table 2.2). The default RIE of sulfate was 1.2, which the 
real value could be estimated by fitting measured sulfate and predicted sulfate values, derived 
 16 
from NH4pred equation (Eq. 2.3). Measured sulfate (SO4,meas) is sulfate that is measured by the 
ACSM, while predicted sulfate (SO4,pred) is the estimated value of sulfate from ion balance 
approach (Eq. 2.4). 
 𝑁𝐻!,!"#$ = 2 !"  !!!!"  !!! 𝑆𝑂!,!"#$ + !"  !!!!"  !!! 𝑁𝑂!.!"#$ + !"  !!!!"  !!! 𝐶𝑙!"#$  (2.3) 
𝑆𝑂!,!"#$ = !!!,!"#$! !"  !"!!"  !"! !!!,!"#$! !"  !"!!"  !!! !"!"#$! !"  !"!!"#$!      (2.4) 
Previous value of RIESO4 1.2 is then multiplied by slope obtained from fitting SO4,pred 
versus SO4,meas and used as the RIESO4 value of this study. UNC ACSM applied fitted RIESO4 
values of 0.95, 0.77, 0.79, 1.1, 0.73, and 0.44 for summer and fall 2011, winter, spring, summer, 
and fall 2012 datasets, respectively. Explicit calibration of RIESO4 by atomizing (NH4)2SO4 using 
the same calibration system from UNC during winter 2013 yielded a value of 0.67 ± 0.09 
indicating that the fitting approach value (0.79 ± 0.22) is consistent with the calibrations, with a 
larger uncertainty (Table 2.2). We found that SO42- percent difference between ACSM and 
collocated measurement at JST was improved from about 50% to less than 30%. Therefore, in 
addition to regular calibration using NH4NO3, we recommend additional calibration using 
(NH4)2SO4 to obtain an RIESO4 value specific for the ACSM.  
Table 2.2 Statistics of calibration values obtained from UNC and GIT ACSMs since mid-2011 
to early 2013.  
 UNC ACSM GIT ACSM 
Date RFNO3 RIENH4 RIESO4
a RFNO3 RIENH4 RIESO4
a 
Mean 4.17E-11 5.71 0.67 3.26E-11 4.40 0.59 
1-std deviation 1.53E-11 1.01 0.09 1.26E-11 0.38 0.04 
% uncertainty 37% 18% 14% 39% 9% 7% 
a Sulfate aerosol calibrations were not conducted until early 2013.    
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A CE of 0.5 was used to calculate mass concentration. We used a nafion dryer to dry 
ambient air samples; investigation of species-dependent CE (Middlebrook et al., 2012) suggested 
that CE is not influenced by highly acidic aerosol (Fig. A1) or ammonium nitrate (Fig. A2) as 
provided in Appendix A. Some measurement periods were excluded from the data analysis due 
to operational and maintenance issues, such as shutdown during calibrations. AMS uncertainty 
was estimated 20–35% (Bahreini et al., 2009) which included CE uncertainty of 30%. Recent 
study of composition dependent CE parameterization (Middlebrook et al., 2012) has 
substantially contributed to narrow the uncertainty of AMS, which could be used as a guideline 
for ACSM’s accuracy (~30%).  
2.3.3 Chemical constituents measured by integrated and continuous particle measurements at 
JST site 
Details of the JST site measurements are provided elsewhere (Hansen et al., 2003, 
Edgerton et al., 2005, Edgerton et al., 2006). Inlets for particle samplers are mounted on the 
rooftop of the sampling trailer about 5 m above ground level. The particle measurements consist 
of 24-h filter sampling conducted every third day (daily for PM2.5 and PM1 mass) and continuous 
and semi-continuous measurements by instruments placed in an air-conditioned trailer. 
Integrated, semi-continuous, and continuous PM2.5 measurements are listed in Table 2.3, and 
described briefly below. Field blank loadings of JST site measurements are generally 
insignificant for SO42-, NH4+ and OC, but can be significant for NO3- and EC mostly due to 
loadings at or below detection limit of those components (Edgerton et al., 2005). We emphasize 
here that the JST site aerosol instruments are based on gas phase detection of aerosol conversion 
products (e.g., SO2 from SO42- and NO from NO3-), therefore, are calibrated with standard gases 
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instead of directly by particle mass generated from an atomizer combined with SEMS-MCPC as 
done for the ACSM.   
Table 2.3 Summary of integrated, semi-continuous, and continuous PM2.5 analyses at JST  
Analyte Instrument Analytical Method Detection Limit 
(mg m-3) 
Frequency/Time 
Resolution 
Integrated Samples 
Mass FRM (Teflon, 47 mm) Gravimetry 0.2 daily 
SO42- PCM1 (Teflon, 47 mm) IC 0.05 3-day 
NO3- PCM1 (Teflon, 47 mm) IC 0.01 3-day 
NH4+ PCM1 (Teflon, 47 mm) AC 0.03 3-day 
Volatile-NO3- PCM1 (Nylon, 47 mm) IC 0.02 3-day 
Volatile- NH4+ PCM1 (Citric acid-
coated cellulose, 47 
mm) 
AC 0.04 3-day 
OC PCM3 (Quartz, 37 mm) TOR 0.08 3-day 
Continuous Samples 
Mass R & P 1400a/b TEOM 
(modified) 
Oscillating 
microbalance 
2.0 5 min 
SO42- HSPH (modified) Reduction to SO2/PF 0.4 1 min 
NO3- Thermo Scientific Reduction to NO/CL 0.25 1 min 
NH4+ Thermo Scientific Oxidation to NO/CL 0.07 1 min 
OC/TC Sunset OC/EC 
Analyzer 
Combustion to 
CO2/NDIR 
0.5 60 min 
Notes: Volatile-NO3- and Volatile- NH4+ are collected on back filters as HNO3 and NH3 dissociation on the front 
filter; IC represents ion chromatography technique; AC represents automated colorimetry method; TOR indicates 
thermal/optical reflectance method; PF represents pulsed fluorescence technique; CL indicates ozone-NO 
chemiluminescence method; HSPH stands for Harvard School of Public Health. 
 
Particle components measurements 
Details of the semi-continuous and continuous PM2.5 sampling and analysis are provided 
in Edgerton et al. (2006) and in Appendix A. Briefly, PM2.5 mass is measured continuously using 
an R & P Model 1400a/b TEOM operated at 30 °C to reduce losses of semivolatile compounds 
and with main flow rate of 3 L min-1. Sample air was pulled through PM10 inlet followed by 
PM2.5 very sharp cut cyclone (BGI Inc.) that goes inside the trailer where a multitube nafion drier 
(Perma Pure) is installed to dry the sample. SO42- is measured continuously using a modified 
Harvard School of Public Health (HSPH) Sulfate Particulate Analyzer. NH4+ and NO3- were 
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measured using a three-channel continuous differencing method developed by ARA, Inc. 
(Edgerton et al., 2006). Total carbon (TC) was semi-continuously measured by a Sunset OC/EC 
instrument (model 3), which collects particles on filter. Once collection is complete (after ~50 
minutes), the oven is purged with 10% O2 in He, and then ramped up to a set point of 850 °C 
according to the NIOSH 5040 analysis protocol. 
Inorganics, OC, and total mass concentrations from the continuous analyzers were 
adjusted to match the filter-based data via linear regression since the continuous analyzers have 
been shown to drift over time. New adjustments are applied every 1-2 months, depending on the 
stability of the individual analyzer. With respect to carbon measurements, OC is calculated as the 
difference between filter-adjusted TC and filter-adjusted EC, and OM is estimated from applying 
an OM/OC ratio of 1.4 (Edgerton et al., 2006).  
The component mass loadings from each filter were blank-corrected using SEARCH 
network-wide average loadings from field blanks, then the corrected loading was normalized by 
sampling volume. Details of the integrated measurements at the JST site are provided in 
Edgerton et al. (2005). This study will focus on comparison between ACSM and JST filter-
adjusted continuous measurements (Figs. A3, A4 and A5). Results of intercomparison between 
ACSM and filter measurements are presented in Appendix A (Figs. A6 and A7).  
Total particle mass measurements  
PM2.5 mass concentrations were obtained by several methods during this campaign. 
Continuous total mass concentrations were obtained with the TEOM (after adjustment to match 
the integrated PCM-based PM2.5). The JST integrated PM2.5 values were obtained by adding 
blank-corrected PCM measurements together with volatile NO3- from PCM nylon, volatile NH4+ 
and volatile OM from PCM back filter. 
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FRM filter samples were collected for 24-h using dual R & P Model 2025 sequential 
FRM monitors to determine both PM2.5 and PM1 mass. 47-mm diameter Teflon filters (2-µm 
pore size) were used for these measurements, and the collection, processing, and analysis of 
these filters followed FRM protocol (Code of Federal Regulations., 2001). PM1 filters were 
sampled during three separate sampling periods: January to February, April, and July 2012, 
representing winter, spring, and summer seasons, respectively.  
2.3.6 Aerosol density estimation  
Total PM1 volume measurements were obtained using the Brechtel Manufacturing 
Incorporated (BMI) scanning electrical mobility system (SEMS) quipped with a cylindrical-
geometry DMA and coupled to a mixing condensation particle counter (MCPC) (Sorooshian et 
al., 2008). The DMA was set to size particles between 10–1000 nm in diameter for both up and 
down scans. DMA sheath airflow rate was set to 5 L min-1 and particles were sampled at 0.5 L 
min-1. Particle volume concentration from each scan was collected every 120 s, and both up and 
down scans were averaged to get one data point every 4 min and 30 s, which includes the 
scanning delay time.  
2.4 Results  
The ACSM measured about 11.6 µg m-3 of OM, 3.2 µg m-3 of SO42-, and 0.61 µg m-3 of 
NO3- during summer 2011. The numbers decreased in the fall 2011, except for nitrate (Table 
A1). ACSM measured chloride on average of 0.02 to 0.04 µg m-3 in summer and fall, 
respectively. 
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Figure 2.1 (a) Linear regression correlation and (b) time series plots of organic and inorganic 
constituents measured by the UNC and GIT ACSMs. ACSM measurements from UNC are 
colored by species while those from GIT are colored in black. 
2.4.1 Intercomparison between the UNC and GIT ACSMs 
The UNC and GIT ACSMs were collocated from 10 January to 23 February 2012. 
Intercomparisons of chemical species between the two ACSMs shown in Fig. 2.1 indicate strong 
correlations (r2 > 0.8), except for chloride (r2 = 0.21). Slopes and intercepts of the linear 
regression are provided in Table 4. Weaker correlations of chloride might be due to its low 
concentration in Atlanta. 
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2.4.2 Intercomparison of ACSM with collocated JST measurements  
Intercomparisons of species and total mass measurements by the ACSM, continuous 
particle measurements from JST, Sunset OC analyzer (model 3), and TEOM PM2.5 (model 
1400a/b) at the JST site are given in Table 4 for summer (8 August to 14 September) and fall (17 
October to 21 December) 2011 sampling periods. Collocated mass and chemical constituents 
measurements were averaged to the ACSM sampling times to allow for a direct intercomparison. 
Previous intercomparison studies conducted at the same site have been limited to the summer 
season (Solomon et al., 2003a); therefore, results from this study could reveal possible aerosol 
measurements variation across seasons and instrumentation differences in aerosol measurements.  
Species comparison 
ACSM OM is strongly correlated with OC from the Sunset OC/EC analyzer (r2 values 
are 0.86 and 0.92 for summer and fall, respectively) and the resulting ratios (from linear 
regression slopes in Table 2.4) of OM/OC are 4.85 ± 0.05 and 3.85 ± 0.02 in summer and fall, 
respectively. ACSM OM versus Sunset OC correlations are likely higher since they are both 
real-time and not affected by storage related losses, such as that from the filter measurements.  
ACSM SO42- is strongly correlated with that from JST continuous measurements in the 
summer (r2 = 0.84) and for some periods in the fall (r2 = 0.83; September–November); however, 
the correlation is weaker for some periods in December (r2 = 0.22) when JST measured several 
instances of very high SO42- aerosol. Percent differences between the measurements are 4% and 
44%, for summer and fall, respectively. These results are close to previous sulfate 
intercomparisons between ACSM and collocated measurements (slope = 0.95, 0.69, 0.69, for 
HR-ToF-AMS, PILS-IC, and sulfate particulate analyzer, respectively) (Ng et al., 2011b).  
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For NH4+ comparison, correlations are high (r2 = ~0.8) and intercepts for both summer 
and fall are insignificant. Differences between ACSM and JST measurements are 20% (r2 = 
0.79) for summer and 51% (r2 = 0.76) for fall. 
Intercomparisons between ACSM NO3- and JST continuous NO3- result in percent 
differences of 114% (r2 = 0.55) and 77% (r2 = 0.81) in the summer and fall, respectively. The 
weaker correlation and larger discrepancy in the summer might be due to the low NO3- loadings 
and evaporative losses from filters that will be discussed later.  
Table 2.4 Correlations between the ACSM and the collocated measurements at JST site. Slope 
and intercept ± 1 standard deviation from each linear regression correlations are presented. 
	  
JST Continuousc 
 Summer 2011 Fall 2011 Massa 
	   	  r2 0.71 0.83 
Slope  1.50 ± 0.02 2.10 ± 0.02 
Intercept  -2.89 ± 0.31 -4.36 ± 0.20 
OM vs. 
OCb 
	   	  r2 0.86 0.93 
Slope  4.85 ± 0.05 3.85 ± 0.02 
Intercept  -7.34 ± 0.19 -2.99 ± 0.09 
SO42-  	  r2 0.84 0.83 
Slope  1.04 ± 0.01 1.44 ± 0.02 
Intercept  -0.73 ± 0.04 -0.54 ± 0.03 
NO3- 
	   	  r2 0.55 0.81 
Slope  2.14 ± 0.04 1.77 ± 0.02 
Intercept  0.06 ± 0.01 0.08 ± 0.02 
NH4+ 
	   	  r2 0.79 0.76 
Slope  1.20 ± 0.02 1.51 ± 0.02 
Intercept  -0.19 ± 0.02 -0.61 ± 0.01 
a ACSM PM1 is calculated from sum of ACSM species and Sunset EC. 
b For ACSM-to-ACSM comparison, it is OM vs OM. 
c JST measures PM2.5 mass and chemical constituents.   
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Total mass comparison  
ACSM PM1 mass was determined from the sum of ACSM OM, SO42-, NO3-, NH4+, and 
Cl- as well as EC from the Sunset OC/EC analyzer. The intercomparison of the ACSM PM1 and 
TEOM PM2.5 shows a good correlation with r2 values of 0.71 and 0.83, respectively, and 
discrepancies of 50% and 110% for summer and fall, respectively (Table 2.4). As in the 
speciated ACSM and PCM measurement comparisons, discrepancies in the fall might have 
resulted from positive biases of species measurements by the ACSM. Since the TEOM 
measurements are adjusted to match filter mass concentrations, it is also possible that the 
adjusted TEOM values are lower than the ACSM PM1 values because of evaporation of semi-
volatile organics and nitrates from the filters during storage. 
The ACSM data were averaged to the FRM filter sampling times, which was 24-h 
(midnight to midnight) during each sampling period. Comparison between the ACSM NR-PM1 
and FRM PM1 in winter, spring, and summer 2012 shows a good correlation, with r2 values of > 
0.80 (Fig. 2.2), and the mass concentrations differences vary from 10% in summer to 73% in 
winter. For the same period, comparison of ACSM NR-PM1 and FRM-PM2.5 shows a good 
correlation > 0.80. The tighter comparisons during summer (7-10%) compared to winter (53-
73%) might suggest meteorological influence to total mass measurements due to positive bias 
from filter measurement during colder seasons  (Solomon et al., 2003a, Solomon et al., 2003b).  
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2.5 Discussion 
2.5.1 Intercomparison between ACSM instruments 
  
Figure 2.2 Correlation of ACSM NR-PM1 measurements with those of FRM PM1 and PM2.5 
method during (a) winter, (b) spring, and (c) summer 2012, respectively. 
 
Slopes of the linear regression from UNC ACSM vs GIT ACSM (Table 4) suggest 
percentage difference of speciated mass concentrations are 4% to 38% between two independent 
ACSM measurements. SO42- 25% difference can be attributed to uncertainty in the instrument 
RIE fitting results. The percent uncertainty of the fitting approach is larger (28%) than 
calibration results (7–14%) recently conducted at both ACSMs. Larger difference of Cl- 
measurements (79%) are due to its significantly lower concentration in Atlanta during the entire 
sampling period. This resulted in weaker correlation between the two instruments although both 
instruments capture similar large peaks of Cl- for some periods. 
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2.5.2 OM/OC ratio 
The OM/OC ratios derived from the regression linear slopes are larger than most OM/OC 
ratios previously reported in the literature. These values are significantly higher than the 
traditionally used values of 1.6 for urban aerosol and 2.1 for nonurban aerosol  (Turpin and Lim, 
2001, Lim and Turpin, 2002, Russell, 2003). They are also larger than those found from recent 
HR-ToF-AMS intercomparisons with Sunset OC/EC analyzer that report ~1.8 from September in 
Pittsburgh  (Zhang et al., 2005a), 1.8 and 1.6 from summer and fall in Tokyo (Takegawa et al., 
2005), 1.41–2.15 from March in Mexico (Aiken et al., 2008), 2.59 from August in New York 
City  (Sun et al., 2011a) and 3.3 from summer in Pasadena (Hayes et al., 2013). Studies in 
Atlanta also reported a high variability of OM/OC ratio, from 1.23–3.44 in August 1999 
(Baumann et al., 2003) and 1.77 in December 1999 to 2.39 in July 1999 (El-Zanan et al., 2009). 
These suggest variability in OM/OC ratios based on location, time or meteorological conditions, 
and/or that the ACSM is measuring organic mass much higher than it should since it is using 
AMS-based RIE values for organic (i.e., RIE = 1.4) rather than those that have been explicitly 
measured for ACSM instruments. 
The large OM/OC ratios might also be attributed to underestimation of OC due to 
evaporation of semi-volatile organic compounds (SVOCs) from the Sunset OC analyzer, and/or 
overestimation of OC due to condensation of SVOC or adsorption of VOC on the filter 
(Couvidat et al., 2013). This is reflected in a large offset at the Sunset OC (Figs. S4 and S5). The 
presence of a denuder on the inlet of Sunset OC/EC analyzer, for example, might cause 
evaporation of particulate OC from the collection filter due to re-partitioning of SVOC after 
removal of gaseous organics by denuder (Grover et al., 2008). Also, 20% of Sunset OC 
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uncertainty (Peltier et al., 2007b) together with ACSM uncertainty might propagate the OM/OC 
ratio. 
Overestimation of OM by the ACSM could arise from underestimation of the RIE value 
of organic species. The RIE values used in this study are based on experiments examining a suite 
of organic standards using the AMS instrument (Jimenez et al., 2003, Alfarra et al., 2004). Since 
the two instruments rely on the same vaporizer and ionization conditions (i.e., electron 
ionization), it was assumed that the RIE values for organic should be similar. However, based on 
the high OM/OC ratios observed from our intercomparison study, sets of authentic organic 
standards covering a wide range of chemical classes as well as secondary organic aerosol 
generated from laboratory experiments, such as isoprene-derived SOA (Kleindienst et al., 2006, 
Lin et al., 2012), need to be systematically analyzed in future work in order to determine the RIE 
value for organics in the ACSM. 
The large OM/OC ratios might also suggest photochemically, well-aged, and well-mixed 
air masses contain particle-phase organics that are more oxygenated and less-volatile compared 
to more stagnant air masses where less polar and more volatile organics can be found possibly 
due to incomplete photochemical oxidation leading to more labile functional groups and 
intermediates. An offline polarity-based analysis suggested values of 1.9 to 2.1 for OM/OC ratios 
due to aging and oligomerization processes in the atmosphere (Polidori, 2008). In addition, 
water-soluble organic aerosol was observed to have higher OM/OC ratios than that of less water-
soluble organics, ranging from 2.1–2.3 in the Great Smoky Mountains to 3.3 in downtown LA  
(Turpin and Lim, 2001). Furthermore, ratios of 2–3.12 were observed from organic fractions that 
could not be extracted using organic solvent (Polidori, 2008), indicating that compound-specific 
polarity might be related to sources of organic aerosol. Therefore, besides overestimation of OM 
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by ACSM as noted above, high OM/OC ratios might indicate that the organic aerosol is more 
water-soluble in nature. 
2.5.3 SO42- and NH4+ measurements variations 
Sulfate measurements from ACSM and filter show a good trend (r2 > 0.7, see Fig. A7) 
for the December period, suggesting that the large discrepancies observed between the ACSM 
and JST data might be caused by some unknown issues with either the JST continuous 
measurements or ACSM during this sampling period. Both ACSM and continuous measurements 
show that slopes of NH4+ measured versus NH4+ predicted (neutralized) are slightly less than 1 
(Fig. A8). This suggests during both summer and fall 2011, the aerosol was slightly acidic. 
Investigation of the period where correlation between ACSM and collocated measurement is low 
in fall season suggest some organic interferences (hydrocarbon-like organic aerosol/HOA) in 
sulfate fragments, in particular m/z 81 (Fig. A9).  
Previous comparison of SO42- measurements from the Thermo Electron 5020 Sulfate 
Particulate Analyzer with filter-based methods from laboratory and field studies observed good 
correlations (i.e., slope derived from field study was closer to 1 than that of laboratory study) 
(Schwab et al., 2006). It should be noted that Schwab (2006) suggested that the slope differences 
are due to ambient SO42- from the field study being catalytically converted to SO2 faster than the 
laboratory-generated SO42-. During this study, the ACSM SO42- measurements discrepancies are 
4–44% compared to that of the continuous modified HSPH sulfate analyzer, with the largest 
difference occurred during colder months (fall season). This difference is within the expected 
accuracy of the ACSM measurements, but since the JST continuous SO42- values are obtained 
after adjusting to filter data, the bias could be due to artifacts from the filter data.  
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2.5.4 Discrepancies of NO3- measurements 
ACSM NO3- measurements are based on the measured m/z 30 and m/z 46 ion signals. 
Positive biases at m/z 30 are possible due to contributions to this ion from NO+ fragments of 
organic nitrates and/or contributions from organic CH2O+ ions. Detailed investigation of the 
interference of m/z 30 is provided in Appendix A. Relationship of estimated excess signal of m/z 
30 linked to organic and oxygenated organic aerosol is found to be heteroscedastic. Thus, 
oxygenated organic species could not be suggested to directly influence nitrate fragments.  
The continuous NO3- data are adjusted to the integrated NO3- data and this can impose 
measurement biases, especially for semi-volatile compounds such as NO3-. Hering et al. (1999) 
reported lower aerosol NO3- mass from Teflon filters compared to that from denuded nylon 
filters. For this study, the PCM filter samples utilized both Teflon and nylon filters downstream 
of a denuder in order to account for NO3- losses. Previous SEARCH results have compared NO3- 
measurements with parallel systems: one with a Teflon pre-filter and nylon backup filter (PCM1) 
and the other with just a nylon filter (PCM2) (Edgerton et al., 2005). Both systems were denuded 
to remove artifacts of HNO3 and NH3, thus thermodynamics should favour metathesis of 
NH4NO3. Summer results showed that PCM1 agreed with PCM2 within 5% and that >95% of 
the NO3 from PCM1 was on the nylon backup filter. Fall results showed agreement within 10% 
and >90% on the nylon filter (Edgerton et al., 2005). While the use of nylon backup filters likely 
minimized NO3- losses during sampling, additional loss during filter storage and conditioning 
before off-line chemical analysis cannot be ruled out and could have contributed to the observed 
discrepancy.  
Changes in meteorological conditions from summer to fall might influence the 
equilibrium partitioning behaviour of nitrogenous compounds. Low temperatures and high 
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relative humidity (RH) in the fall could create thermodynamic conditions that favour the 
partitioning of gaseous NO3- to the aerosol phase (Hennigan et al., 2008, Rastogi et al., 2011). 
The fact that the observed NO3- discrepancies are larger in the fall than the summer is consistent 
with evaporative loss of NO3- from the filter samples and reflected in the filter-adjusted 
continuous data. 
In summary, it is unclear if the higher ACSM NO3- loadings reflect true NO3- levels 
which include contributions from organic nitrate not captured by JST NO3- or if it is from 
inaccurate subtraction of m/z 30 originating from oxidized organic aerosol. Also possible, the 
discrepancy may be due to under-estimation of JST NO3- due to volatility losses from the filters 
which are used to scale the JST NO3- data. Likely some combination of all of the above, which 
cannot be clearly determined from this data set, explains the differences between NO3- 
measurements.  
2.5.5 Total mass measurements variations 
ACSM PM1 is sum of ACSM NR-PM1 (i.e., organic and inorganics) plus EC 
measurements from JST site. This study shows that total mass differences between ACSM PM1 
and TEOM PM2.5 are 50–110%. Previous intercomparisons of the same instruments in summer at 
Beijing suggested that ACSM NR-PM1 measured ~30% less than TEOM PM2.5 (Sun et al., 
2012).   Since the ACSM PM1 mass is a sum of species concentrations, the discrepancies in 
species specific intercomparisons described above result in high discrepancies of PM1 mass. 
Uncertainties in RIE values, particularly for organic species, may be partly responsible for 
overestimation of certain species resulting in overestimation of NR-PM1 mass. On the other 
hand, loss of semi-volatile species from the filters (which are used together to adjust TEOM 
loadings) could also result in lower TEOM PM2.5 concentration. This is supported by the fact that 
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in fall when the meteorological conditions favor semi-volatile organic aerosol enhancement, the 
slope of the ACSM PM1 to TEOM PM2.5 is much higher than that in summer (i.e., slope of 1.80 
in fall to 1.19 in summer).   
Differences between NR-PM1 masses measured by the ACSM and PM1 mass measured 
by the FRM method are about 10–73%, with the lowest different observed from summer data set 
(Fig. 2.2; Table A2). Discrepancies between the ACSM and FRM methods are larger during 
winter and spring, compared to that of summer, and the direction of the discrepancy is different 
in spring (ACSM < FRM) as compared to winter and summer (ACSM > FRM). This might be 
due to positive artifacts of the filter sampling method, which are likely enhanced in colder 
months  (Solomon et al., 2003a, Solomon et al., 2003b). On the other hand, uncertainties in RIE 
values may also result in inaccurate ACSM chemical constituent measurements leading to over- 
or under-estimation of ACSM NR-PM1 mass.  
The slope resulting from the intercomparison of ACSM NR-PM1 mass concentration and 
SEMS PM1 volume concentration can be used to estimate aerosol density. Comparison suggests 
a slope of 1.59 (Fig. 2.3); however, this number will be larger when the refractory components 
(i.e., EC) are added to NR-PM1. Since the EC measurement for this period (October – November 
2012) are not available, we estimated that EC contributes about 10% to total PM based on 
available data (i.e., October - November 2011). Hence, the estimated aerosol density in Atlanta is 
1.75 g cm-3 for fall 2012 period. In addition, we estimated typical dry aerosol density based on 
average particle composition of 60.1% of organics, 30.8% of inorganics, plus 10% of EC, and 
the assumption of organic, inorganics, and EC densities are 1.2 g cm-3, 1.77 g cm-3, and 1.77 g 
cm-3  (Zhang et al., 2005c and references therein). This approached resulted in typical dry density 
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of 1.61 g cm-3. These numbers are consistent with recent ambient aerosol density estimations, 
such as 1.61 g cm-3 in Beijing (Hu et al., 2012) and 1.46 g cm-3 in Pasadena (Hayes et al., 2013). 
 
Figure 2.3 (a) Time series and (b) correlation of total aerosol mass measured by ACSM (NR-
PM1) and SEMS DMA/MCPC during period of October 17 to November 20, 2012. Aerosol 
density was estimated from linear regression slope of 1.59 multiplied by 1.10 to account for 10% 
of elemental carbon (EC) component that is not measured by ACSM. This results in estimated 
aerosol density of 1.75 g cm-3. 
2.6 Conclusions 
This study aimed to compare species and total mass measurements from the ACSM to the 
collocated measurements at the JST site (i.e., ACSM, JST continuous and filter samplers, and 
FRM filters) over different seasons. Mass concentrations obtained from the two ACSMs agree 
within 4–38%, except for Cl-. Overall, the percentage differences of ACSM speciated mass 
concentrations agree within 4–51% from the SEARCH network measurements, except for NO3- 
(77–114%). Comparison of ACSM OM to JST Sunset OC yielded OM/OC ratios of 4.85 and 
3.85 for summer and fall periods, respectively. Discrepancies between ACSM PM1 and TEOM 
PM2.5 are 50–110%, while discrepancies between ACSM PM1 and FRM PM1 are 10–73%. 
Estimated aerosol density based on ratio of mass to volume concentration is 1.75 g cm-3. 
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Discrepancies found in the intercomparisons of the ACSM and the collocated 
measurements might be explained by the following:  (1) RIE value of organic might have 
dependencies on sources of organic aerosol; (2) possible interferences from organic and organic-
nitrate specific fragments to the m/z 30 ion signal that constitute ACSM inorganic NO3- signal; 
and (3) evaporative losses of semi-volatile species from the filter measurements used in the 
collocated continuous measurement adjustment. Future work should systematically examine all 
of the possibilities. Additionally, calibration of the continuous instruments used at monitoring 
sites should also be routinely checked with a standard aerosol in addition to the standard gas 
calibration that is typically performed.  
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CHAPTER 3: REAL-TIME CONTINUOUS CHARACTERIZATION OF SECONDARY 
ORGANIC AEROSOL DERIVED FROM ISOPRENE EPOXYDIOL IN DOWNTOWN 
ATLANTA, GEORGIA, USING THE AERODYNE AEROSOL CHEMICAL 
SPECIATION MONITOR2 
 
3.1 Abstracts 
Real-time continuous chemical measurements of fine aerosol were made using an 
Aerodyne Aerosol Chemical Speciation Monitor (ACSM) during summer and fall 2011 in 
downtown Atlanta, Georgia. Organic mass spectra measured by the ACSM were analyzed by 
positive matrix factorization (PMF), yielding three conventional factors: hydrocarbon-like 
organic aerosol (HOA), semi-volatile oxygenated organic aerosol (SV-OOA), and low-volatility 
oxygenated organic aerosol (LV-OOA). An additional OOA factor that contributed to 33±10% 
of the organic mass was resolved in summer. This factor had a mass spectrum that strongly 
correlated (r2 = 0.74) to that obtained from laboratory-generated secondary organic aerosol 
(SOA) derived from synthetic isoprene epoxydiols (IEPOX). Time series of this additional factor 
is also well correlated (r2 = 0.59) with IEPOX-derived SOA tracers from filters collected in 
Atlanta, but less correlated (r2 < 0.3) with a methacrylic acid epoxide (MAE)-derived SOA 
tracer, a-pinene SOA tracers, and biomass burning tracer (i.e., levoglucosan), and primary 
emissions. Our analyses suggest IEPOX as the source of this additional factor, which has some 
                                                
2 This chapter is reproduced by permission from “Real-time Continuous Characterization of 
Secondary Organic Aerosol Derived from Isoprene Epoxydiols in Downtown Atlanta, Georgia, 
Using the Aerodyne Chemical Speciation Monitor” by S. H. Budisulistiorini, M. R. Canagaratna, 
P. L. Croteau, W. J. Marth, K. Baumann, E. S. Edgerton, S. L. Shaw, E. M. Knipping, D. R. 
Worsnop, J. T. Jayne, A. Gold and J. D. Surratt, Environmental Sciences & Technology, 47, 
5686–5694, 2013. Copyright (2013) American Chemical Society. 
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correlation with aerosol acidity (r2 = 0.3), measured as H+ (nmol m-3), and sulfate mass loading 
(r2 = 0.48), consistent with prior work showing that these two parameters promote heterogeneous 
chemistry of IEPOX to form SOA. 
3.2 Introduction 
Isoprene (2-methyl-1,3-butadiene, C5H8) is the most abundant non-methane hydrocarbon 
emitted into Earth’s atmosphere, with emissions estimated up to 600 Tg yr-1 (Guenther et al., 
2006). Under low-nitric oxide (NO) conditions (NO mixing ratios approach zero) (Kroll et al., 
2006), hydroxyl radical (OH)-initiated oxidation of isoprene yields hydroxyhydroperoxides 
(ISOPOOH), which are further oxidized in the gas phase to isoprene epoxydiols (IEPOX) (Paulot 
et al., 2009, Surratt et al., 2010). Reactive uptake (i.e., heterogeneous chemistry) of gaseous 
IEPOX onto pre-existing acidified sulfate aerosols has been demonstrated as a major pathway for 
secondary organic aerosol (SOA) formation from isoprene oxidation (Lin et al., 2012). Recently, 
known IEPOX-derived SOA tracers, which includes the 2-methyltetrols (Claeys et al., 2004), C5-
alkene triols (Wang et al., 2005), 3-methyltetrahydrofuran-3,4-diols (Lin et al., 2012, Zhang et 
al., 2012c), IEPOX-derived organosulfates  (Surratt et al., 2010, Lin et al., 2012), and IEPOX-
derived dimers  (Surratt et al., 2010, Lin et al., 2012) were detected by a gas 
chromatography/mass spectrometry (GC/MS) and liquid chromatography/electrospray ionization 
mass spectrometry (LC/ESI-MS) methods and estimated to account for upwards of ~20% of total 
organic mass in summertime fine aerosol (PM2.5) collected at the Yorkville, Georgia, 
Southeastern Aerosol Research and Characterization (SEARCH) site  (Lin et al., 2013a). 
Furthermore, quantification of the 2-methyltetrols and an additional isoprene SOA tracer, 2-
methylglyceric acid, by GC/MS in atmospheric PM2.5 during July–August in Research Triangle 
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Park, North Carolina (Kleindienst et al., 2007), suggested that isoprene oxidation may contribute 
up to 25% of the organic carbon (OC) at that location. 
Atlanta, Georgia, is located in the southeastern U.S. where prevailing meteorological 
conditions can result in the influx of abundant isoprene emissions from upwind rural areas  
(Guenther et al., 1994, Guenther et al., 2006), allowing mixing of isoprene with anthropogenic 
emissions of NOx and SO2. Such mixing may enhance SOA formation (Weber et al., 2007) and 
influence the properties of the urban aerosol. Prior work demonstrated 70–80% of water-soluble 
organic carbon (WSOC) in urban Atlanta to be modern in origin, suggesting that biogenic 
volatile organic compounds (BVOCs) are responsible for most of the SOA (Weber et al., 2007). 
Real-time and long-term measurements over several seasons are important to capture the 
dynamic variations of organic aerosol (OA) formation in Atlanta. Previous studies in Atlanta 
were limited by short measurement periods, and hence were unable to capture the dynamic 
fluctuation of aerosol transformations, particularly the temperature dependence of the 
partitioning of semi-volatile VOC, OA mass concentration and aerosol acidity required for 
heterogeneous chemistry (Odum et al., 1996, Takekawa et al., 2003). 
The Aerodyne aerosol mass spectrometer (AMS) has been demonstrated to provide 
highly time- and size-resolved chemical information for non-refractory particulate matter ≤ 1.0 
µm (NR-PM1), allowing for significant insights into the sources, age, and properties of OA; 
however, long-term field deployment is limited by high cost and complexity of operation and 
analysis, and requires continuous attention by highly skilled, trained users (Ng et al., 2011b, Sun 
et al., 2012). The Aerosol Chemical Speciation Monitor (ACSM), developed by Aerodyne 
Research, Inc. (ARI), is based on AMS technology, but is designed to provide long-term 
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continuous measurements of NR-PM1 mass concentration and is suited for continuous field 
monitoring applications (Ng et al., 2011b). 
In this study, we deployed an ACSM near downtown Atlanta, Georgia, for on-line 
continuous chemical measurements of NR-PM1 species during summer (8 August to 14 
September) and fall (17 October to 21 December) 2011. The organic fraction of NR-PM1 was 
then analyzed using positive matrix factorization (PMF). Here we report the identification of 
IEPOX-derived SOA from PMF analysis of the organic fraction of NR-PM1. The factor 
resembling the IEPOX-derived SOA was observed only during the summer period, consistent 
with the seasonal dependence of isoprene emissions (Palmer et al., 2006). 
3.3 Experimental Section 
3.3.1 ACSM Sampling and Analysis  
Real-time continuous chemical measurements were conducted during summer (8 August 
to 14 September) and fall (17 October to 21 December) 2011 at the Jefferson Street (JST), 
Atlanta, Georgia (33.7775°N, 84.4166°W), one of the research sites of the SEARCH 
network.(Hansen et al., 2003) The JST site is located in a mixed industrial-residential area about 
4.2 km northwest of downtown Atlanta and within approximately 200 m of a bus maintenance 
yard and several warehouse facilities to the south and southwest. Additional details are given by 
Solomon et al. (2003b). 
The ACSM was installed in an air-conditioned trailer and operated continuously starting 
July 29, 2011. Aerosol was drawn through a 5 m × 0.635 cm outer diameter and 0.46 cm inner 
diameter stainless steel tube from a PM2.5 cyclone mounted on scaffolding ~6 m above ground 
level adjacent to the trailer. An ACSM sampling flow rate of 3 L min-1 resulted in a residence 
time of < 2 s for PM2.5 in the sampling line, and the aerodynamic lens mounted on the ACSM 
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inlet allowed continuous sampling of PM1 only (Ng et al., 2011b). Particle-laden air was dried 
using a 50-tube Nafion dryer (Perma Pure PD-50T-24SS), in which a dry/zero air system 
delivered 7 L min-1 of sheath air to keep the sample air relative humidity (RH) well below 10% 
and to prevent condensation within the sampling line that could affect the collection efficiency 
(CE) of aerosol and clog the ACSM sampling inlet. 
The ACSM operating principles, calibration procedures, and analysis protocols are 
described in detail elsewhere (Ng et al., 2011b). In this study, the ACSM scanning rate was set at 
500 ms amu-1 for both the sample and filter modes, and the resulting data were averaged over 30 
min intervals. All data were acquired using ACSM_DAQ_v1407 and analyzed using 
ACSM_Local_v1520 (ARI) within Igor Pro 6.22A (WaveMetrics). Calibration was conducted at 
the beginning and periodically throughout the campaign. Sampling flow rate, NH4NO3 response 
factor ((RF)/ionization efficiency (IE)), and mass-to-charge (m/z) ratio were calibrated at the 
beginning of the campaign. Similarly, mass resolution, ionizer, and amplifier zero settings were 
tuned initially and periodically. Mass calculation of aerosol constituents is described in detail 
elsewhere (Ng et al., 2011b). During both the summer and fall periods, a CE value of 0.5 for all 
species was used based on evaluation of composition dependent CE in Appendix B (Figs. B1-
B2). Some periods were excluded from the analysis because of maintenance and operational 
problems. 
3.3.2 PMF Analysis  
Details of PMF analysis of the organic mass fraction have been described previously 
(Lanz et al., 2007, Ulbrich et al., 2009, Zhang, 2011). The PMF2 algorithm  (Paatero and Tapper, 
1994) was used in robust mode via PMF Evaluation Tool panel (PET_v2.04) using the methods 
outlined in Ulbrich et al. (2009) and Zhang et al. (2011) Only the mass range m/z 12–105 was 
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utilized for PMF due to the low transmission efficiency for m/z > 105 (Ng et al., 2011b), which 
leads to low signal-to-noise ratios, and no organic fragments for m/z < 12.  
PMF analysis was performed separately on the summer and fall data sets and on the 
combined data sets. Solutions were chosen based on the quality of PMF fits as well as 
interpretability when compared to reference mass spectra and tracer time series. For each 
analysis, uncertainty of selected factor solution was investigated with different seeds (SEED 
parameter varied from 0 to 100, in steps of 5), FPEAK parameter, and 100 bootstrapping runs. 
Details of diagnostics for each PMF analysis are given in Tables B1–B4 and Figs. B3–B12 (see 
Appendix B). 
The summer and fall periods had different relative compositions, loadings, and 
meteorological conditions. This observation led us to analyze the data set from each season 
separately and the combined data sets from both seasons. PMF analysis using the combined data 
sets did not resolve as many unique factors as observed in the analysis of each season separately; 
thus, the results of the two-season analysis are not discussed further here, but are provided for 
reference in Appendix B. 
Results from these analyses are shown in Fig. 3.1 for summer and fall. Briefly, for the 
summer dataset, the three-factor solution contains large Q/Qexp contributions from m/z 43, 55, 57 
and 82 ions, indicating that these ions are not well fit with this solution. Increasing the number of 
factors to four significantly reduces Q/Qexp contributions from the m/z 43 and 82 ions and 
improves correlation of the factor solution to the external tracers. The five-factor solution only 
reduces Q/Qexp contributions of m/z 55 and does not significantly minimize the overall factor 
mass contribution or improve correlation of the factor solution with the external tracers (Fig. 
B3d). Therefore, the four-factor FPEAK = -0.10 solution (i.e., IEPOX-OA, SV-OOA, LV-OOA, 
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and HOA) was chosen as the most reasonable and meaningful solution for summer dataset (Fig. 
B4). Detailed correlations of the four factors with all external tracers and reference mass spectra 
are provided in Table B2, and critical ones are provided in Table 3.1. The mass loading 
combined uncertainty range from bootstrap, FPEAK, and SEED analyses are 10% for IEPOX-
OA, 15% for SV-OOA, 15% for LV-OOA, and 10% for HOA.  
Table 3.1 Correlations of PMF factor profiles and time series resolved from summer dataset to 
independent tracers and standards. 
 
IEPOX-OA SV-OOA LV-OOA HOA 
r2TSa 
    SO42- from ACSM measurement 0.48 0.02 0.10 0.00 
SO42- from JST measurement 0.48 0.04 0.20 0.00 
IEPOX-derived SOA tracers from JST site filters 0.59 0.02 0.35 0.10 
2-methylglyceric acidc from JST site filters 0.18 0.38 0.06 0.04 
a-pinene derived SOA from JST site filters 0.25 0.02 0.35 0.00 
Levoglucosan (BBOA tracer) from JST site filters 0.25 0.01 0.15 0.10 
r2MSb 
    82Fac from Borneo  0.86 0.79 0.70 0.32 
IEPOX SOA from laboratory experiment 0.74 0.53 0.44 0.35 
cis-3-methyltetrahydrofuran-3,4-diol standard 0.85 0.77 0.53 0.44 
a Correlation coefficient of the PMF factor time series. 
b Correlation coefficient of the PMF factor mass spectra. 
c 2-methylglyceric acid is MAE-derived SOA tracer for isoprene oxidation under high-NO conditions. 
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Figure 3.1 Time trends and mass spectra PMF factor solution from (a) summer and (b) fall 2011 
datasets. In the summer, mass loading contributions of IEPOX-OA, SV-OOA, LV-OOA, and 
HOA factors to the organic mass are about 33±10%, 26±15%, 23±15%, and 18±10%, 
respectively. In the fall, PMF analysis resolve three factors, i.e., LV-OOA (22±5%), SV-OOA 
(47±10%), and HOA (30±5%); however, the fourth factor (IEPOX-OA) is not resolved from this 
dataset. 
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PMF analysis of the fall dataset shows that the two-factor solution contains large 
contribution to Q/Qexp from m/z 41, 43, 55 and 60 ions. Increasing to three-factor solution is able 
to significantly reduce contributions of the m/z 41, 43, and 55 ions. The four-factor solution 
yields further reduction in the Q/Qexp contributions of these m/z’s, but the individual factor 
becomes more similar to each other (Fig. B6d). Therefore, the three-factor FPEAK = -0.20 
solution was chosen as the most reasonable solution (Fig. B7) and correlations of this solution 
with external measurements and reference mass spectra are provided in Table B3. The mass 
loading combined uncertainty range from bootstrap, FPEAK, and SEED analyses are 5% for LV-
OOA, 10% for SV-OOA, and 5% for HOA. 
3.3.3 Collocated Measurements  
Instruments collocated at the JST site measured concentrations of carbon monoxide (CO), 
ozone (O3), NO, nitrogen dioxide (NO2), nitrogen oxides (NOx), NOy, sulfur dioxide (SO2), nitric 
acid (HNO3), ammonia (NH3) and PM2.5 mass of sulfate (SO42-), nitrate (NO3-), ammonium 
(NH4+), OC, and elemental carbon (EC). Details of these instruments and their operating 
conditions can be found elsewhere (Hansen et al., 2003, Edgerton et al., 2006). In addition, 
meteorological parameters such as temperature, RH, wind speed and direction, precipitation, and 
solar radiation were recorded. The collocated data provided by the JST site were converted to 30-
min averages to match the time interval of the ACSM data, which is presented in local time. 
3.3.4 Chemical Analysis of Filters  
24-hr PM2.5 filters were collected once every three days at the JST site (Hansen et al., 
2003, Edgerton et al., 2005) and analyzed at the University of North Carolina (UNC) for SOA 
tracers by GC/MS with prior trimethylsilylation. Details of the extraction protocols and operating 
conditions have been described elsewhere (Lin et al., 2012). The IEPOX- (Lin et al., 2012) and 
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MAE-derived  (Lin et al., 2013b) SOA tracers were quantified using authentic standards 
synthesized at UNC (Zhang et al., 2012c) or surrogate standards that were obtained 
commercially, as listed in Table B5. Since neither authentic nor appropriate surrogate standards 
were available for α-pinene SOA tracers; these tracers were quantified by normalizing peak areas 
to total volume of air sampled through each filter. The biomass-burning tracer (Simoneit et al., 
1999, Zhang et al., 2008), levoglucosan, was quantified using an authentic standard (Sigma 
Aldrich). 
3.3.5 Mass Spectra of Laboratory-Generated IEPOX-Derived SOA  
Mass spectra of laboratory-generated IEPOX-derived SOA from the UNC smog chamber 
experiments using authentic β-IEPOX (Zhang et al., 2012c) were acquired with an ACSM. The 
smog chamber experiments have been described in detail elsewhere (Lin et al., 2012). Briefly, 
experiments were conducted in a dark indoor 10 m3 flexible Teflon chamber and aerosol 
concentrations were monitored by a scanning electrical mobility system (SEMS v5.0, Brechtel 
Manufacturing Inc. [BMI]) equipped with a cylindrical differential mobility analyzer (DMA, 
BMI) and a mixing condensation particle counter (MCPC, Model 1710, BMI). Acidic seed 
aerosol was introduced by atomizing 0.06 M MgSO4 + 0.06 M H2SO4(aq) into the chamber at 
high loading (70–100 ug m-3) in order to obtain sufficient SOA mass (~1 mg) on the filter at the 
termination of the experiment. Approximately 15 mg of β-IEPOX was injected into a 10 mL 
glass manifold. The manifold was then wrapped with calibrated heating tape and heated at 60 °C 
while flushing with heated N2(g) at 5 L min-1 for 2 h. Once the aerosol volume concentrations 
stabilized, aerosol samples were collected on two Teflon filters (47 mm diameter, 1.0 µm pore 
size, Teflon membrane, Pall Life Sciences) at a sampling flow rate of ~20 L min-1 for 5 h. The 
loaded Teflon filters were shipped cold at 0 °C to ARI at Billerica, MA.  
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IEPOX-derived SOA collected on the filters was dissolved in Milli-Q water and 
immediately atomized into an ACSM using a constant output atomizer (TSI Constant Output 
Atomizer Model 3076) that was coupled in series to two home built diffusion dryers. Argon was 
used for atomization to reduce air interferences at organic ion masses such as CO2+ (m/z 44). 
3.3.6 Aerosol Acidity Calculations  
Aerosol acidity was estimated using two approaches: (1) aerosol ion-balanced acidity 
([H+]ion) and (2) aerosol aqueous phase/in-situ acidity ([H+]in-situ). [H+]ion (nmol m-3) was 
calculated by Eq. 1 (Zhang et al., 2007, He et al., 2012): 𝐻! !"# = 2× 𝑆𝑂!!! 96 + 𝑁𝑂!! 62 + 𝐶𝑙! 35.5 − 𝑁𝐻!! 18 ×1000  (3.1)  
[H+]in-situ (nmol m-3) is the  free H+ concentration in the aqueous phase of aerosol per 
volume of air sampled (Xue et al., 2011, Zhou et al., 2012) modeled using the Extended Aerosol 
Inorganic Model II (E-AIM II), available online (http://www.aim.env.uea.uk/aim/aim.php) 
(Clegg et al., 1998). Using the model output, pHin-situ was calculated by Eq. 3.2. 𝑝𝐻!"!!"#$ = −𝑙𝑜𝑔𝐴!! = −𝑙𝑜𝑔 𝛾!!× 𝐻! !"!!"#$ / 𝑉!"/1000     (3.2) 
where AH+ is activity of H+ in mol L-1 in the aerosol aqueous phase, γH+ is the activity coefficient 
of H+ and Vaq (cm3 m-3) is the volume of the aqueous phase in the aerosol per volume of air (Xue 
et al., 2011, Zhou et al., 2012). Inputs for the E-AIM II model were obtained from ACSM (SO42-, 
NH4+, NO3-, and H+) and JST measurements (temperature, RH, and NH3). The model does not 
consider contributions of other cations and anions and does not allow for interactions between 
the organic and inorganic fractions. The model assumption may limit the model result as it was 
found that only 460 out of 1767 data points could be entered into E-AIM II for in-situ acidity 
calculation due to zero and/or negative values of H+ (1267 points), NH4+ (10 points), SO42- ions 
(2 points), and NH3 molar concentrations (16 points), and meteorological constraints 
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(temperature between 180 to 330 K and RH between 0.10 and 0.99, 5 points) (Clegg et al., 
1998). From 460 points of model output, only 67 points are available for calculation of in-situ 
acidity since the remainder are zero. Therefore, the result should be treated as an indicative effect 
of acidity. 
Neutralization degree of acidic aerosol was calculated by Eq. 3.  𝑁𝐻!!!"#$ 𝑁𝐻!!!"# = 𝑁𝐻!! 2× 𝑆𝑂!!! + 𝑁𝑂!! + 𝐶𝑙!      (3.3) 
where NH4+measured (nmol m-3) is the measured NH4+ and NH4+neutralized (nmol m-3) is the NH4+ 
concentration required for full neutralization of the anions (Zhang et al., 2007). 
3.4 Results and Discussion 
3.4.1 Ambient Aerosol Measurements: Summer and Fall 2011  
The ACSM organic and inorganic measurements captured the temporal variation of the 
collocated organic and inorganic measurements well (Figs. B13-B14). The average NR-PM1 
mass loading in the summer is 16.8 ± 6.9 µg m-3, dominated by the organic fraction, which 
contributes 69.4% of the average NR-PM1 mass. While organic contribution increases in the fall 
(74.4%), the average NR-PM1 mass loading decreases to 13.7 ± 10 µg m-3 (Fig. B15). This is 
likely due to differences in photochemistry and precursor emissions, decreasing the overall 
average aerosol mass loading. During the summer period, SO42- is more abundant (3.2 µg m-3 in 
the summer compared to 1.4 µg m-3 in the fall) which might influence OA formation by 
providing proxies for reactive uptake of BVOC photooxidation products (Hallquist et al., 2009).   
3.4.2 Factors from PMF Analysis: HOA, LV-OOA, and SV-OOA.  
In both summer and fall PMF analyses, LV-OOA, SV-OOA, and HOA components were 
identified (Fig. 3.1). The identifications were based on correlation with known tracers measured 
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at the JST site and reference mass spectra from the AMS Database (Tables B2 and B3). In both 
summer and fall, the HOA factor correlates with primary emissions (i.e., r2CO = 0.6–0.9, r2EC = 
0.6–0.9, and r2NOx = 0.6–0.9) and the mass spectrum correlates (r2 > 0.9) with HOA from 
previous studies. The SV-OOA factor in general does not correlate with the less-oxidized tracers 
having r2 = 0.06–0.07 with JST NO3- and r2 = 0.2–0.33 with ACSM NO3-, and r2 = 0.02–0.08 
with odd oxygen (Ox). However, the mass spectrum of the SV-OOA factor correlates well (r2 > 
0.7) with previously observed OOA-2 or SV-OOA. Correlation of the LV-OOA with the external 
tracers is weak, but there is some correlation with aerosol SO42- (r2 = 0.1–0.2 from both JST and 
ACSM measurements) and its mass spectrum correlates strongly (r2 > 0.8) with previously 
observed OOA-1 or LV-OOA.  
The diurnal variation of the HOA factor is similar in both seasons (Fig. 3.2), possibly 
indicating related sources. A higher HOA factor contribution in the fall might reflect 
accumulation of surface-level emissions due to meteorological conditions. In both seasons, the 
HOA factor has strong diurnal variation as it peaked in the morning (4:00 to 8:00), was low in 
the afternoon, and started to increase again at night (20:00–24:00), behavior which can be 
attributed to traffic and a low boundary layer in the morning and night (Marsik, 1995). The 
nighttime increase of HOA factor might also indicate a contribution from other primary sources 
that occur largely at night; for example, cooking emissions that have been observed to constitute 
a large peak in the late evening and smaller peak around noon (Allan et al., 2010). However, a 
cooking-influenced factor could not be resolved from the HOA factor in summer and fall cases 
due to similarities in their mass spectra and/or time trend and possibly an effect of lower 
sensitivity of the ACSM relative to the AMS. 
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The SV-OOA factor does not have a strong diurnal variation in the summer, whereas in 
the fall it has a pronounced diurnal variation that tracks ACSM NO3- variation (Fig. 3.2b). This 
suggests that SV-OOA formation is influenced by a distinct process associated with each season. 
The SV-OOA concentration decreases from noon into the afternoon, and has some correlation 
with ACSM NO3- (r2 = 0.33), indicating that low temperatures and high RH possibly enhance its 
formation during fall (Kim et al., 2003). 
  
Figure 3.2 Average mass contribution of the PMF factors during (a) summer and (b) fall 2011 as 
a function of hour of day in local time. 
 
The diurnal variation of the LV-OOA factor is comparable from summer to fall, 
suggesting that it is likely produced by similar sources and/or processes. In both seasons, the LV-
OOA reaches a maximum when the temperature is also at a maximum (early afternoon) and 
photochemical activity is highest, which is consistent with ACSM SO42- diurnal variation and 
suggests that the factor is more oxidized and less volatile in nature. 
3.4.3 Resolution of a Unique IEPOX-OA Factor in Summer  
A key difference between seasons was the extraction of a fourth factor (IEPOX-OA) in 
the summer only PMF that could not be extracted in the fall only PMF or the two-season PMF. 
The mass spectrum of the IEPOX-OA factor is characterized by a distinct ion at m/z 82. The real-
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time trend of the m/z 82 ion extracted from the organic mass spectra (Fig. B16a) is strongly 
correlated (r2 = 0.65) with the IEPOX-OA factor time series (Fig. B16b). As discussed below, 
the correlation supports assignment of the m/z 82 ion as a tracer ion for this factor. The IEPOX-
OA factor observed during summer in Atlanta represents about 33 ± 10% of total OA mass 
fraction, while LV-OOA, SV-OOA, and HOA constitute about 23 ± 15%, 26 ± 15%, and 18 ± 
10%, respectively. The IEPOX-OA is a major contributor to the OOA component that is 
exclusive to the summer dataset, since PMF analysis of the fall dataset does not resolve a similar 
factor (Fig. 3.1b). 
PMF factors with mass spectra similar to IEPOX-OA have been observed in the maritime 
tropical forest of Borneo (Robinson et al., 2011) (82Fac) and in a rural area of Canada (Slowik et 
al., 2011) (UNKN [unknown]), contributing, on average, ~23% and ~17% of the total OA 
loading, respectively. The mass spectrum of the IEPOX-OA factor is strongly correlated with 
82Fac (r2 = 0.86) observed in Borneo using the AMS instrument during summer 2008 (Fig. 3.3). 
Robinson et al. (2011) attributed 82Fac to the degradation of isoprene SOA constituents to 3-
methylfuran (3-MeF) that was enhanced when sulfate mass loadings were highest. Lin et al. 
(2012) demonstrated 3-methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols) as the source of 3-
MeF under conditions of analysis by HR-AMS, where m/z 82 fragment ion is comprised 
predominantly of C5H6O+ from successive dehydrations of 3-MeTHF-3,4-diol isomers. Analysis 
of HR-AMS mass spectra from a study in the Amazon basin (Chen et al., 2009) also contains an 
ion at m/z 82 with the composition C5H6O+. Interestingly, the mean signal of m/z 82 ion over the 
Amazon rainforest was much lower than that observed in Borneo, possibly as a consequence of 
sulfate levels lower by a factor of four over the Amazon rainforest. 
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The diurnal variation of the IEPOX-OA factor diurnal variation (Fig. 3.2a) follows a 
pattern of low concentration in the morning, increasing from 10:00 to 12:00 local time as 
isoprene emissions peak, consistent with a dependence on isoprene photochemistry. The IEPOX-
OA factor remains high overnight as the mixing height lowers, which suggests that low 
temperature and higher RH conditions potentially create favorable conditions for partitioning of 
low-volatility organic compounds to the aerosol surface at night  (Lim and Turpin, 2002, Kim et 
al., 2003). This observation might also indicate the influence of regional sources and a longer 
atmospheric lifetime. 
 
Figure 3.3 (a) Mass spectra of IEPOX-OA factor from PMF analysis, laboratory IEPOX SOA 
generated from acid-catalyzed reactive uptake of β-IEPOX using acidified sulfate seed aerosol in 
the UNC dark indoor smog chamber, cis-3-methyltetrahydrofuran-3,4-diol (cis-3-MeTHF-3,4-
diol) standard synthesized at UNC Chapel Hill, and 82Fac observed in Borneo rainforest, 
respectively. (b) Correlations of IEPOX-OA factor with laboratory IEPOX SOA, 82Fac factor, 
and cis-3-MeTHF-3,4-diol mass spectra, and between 82Fac and laboratory IEPOX SOA mass 
spectra. 
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The IEPOX-OA correlates well with JST and ACSM SO42- (r2 = 0.48) and is not 
correlated with NO (r2 = 0), indicating that IEPOX-OA has low volatility and is secondary in 
nature.  The lack of correlation between IEPOX-OA and NO is consistent with the observation 
that IEPOX forms when the NO concentration is low (Paulot et al., 2009, Surratt et al., 2010). 
Field observations have revealed increased concentrations of IEPOX-derived organosulfates, 
tracers for IEPOX-SOA, in the free troposphere of the southeastern U.S. when aerosols are 
acidic and NOx levels low (Froyd et al., 2010), suggesting an enhancing effect of aerosol acidity, 
and by implication, anthropogenic emissions (i.e., SO2). Aircraft measurements by Froyd et al. 
(2010) showed that IEPOX contributed up to 20% of the free tropospheric aerosol mass in 
regions downwind of isoprene emissions which is similar to the contribution of the IEPOX-OA 
factor (~23% of total NR-PM1) we observed at the ground site in Atlanta using the ACSM. 
These influences on the IEPOX SOA chemistry will be discussed in more detail below. 
3.4.4 Comparison of IEPOX-OA Factor to SOA Tracers and Reference Mass Spectra  
For the PMF analysis, the organic mass fraction, as measured by the ACSM, is conserved 
throughout the deconvolution, and thus mass concentrations of the resulting components are 
considered to represent the organic aerosol source variations. As a result, correlations between 
known SOA tracers and PMF factors should provide evidence that both have similar sources. In 
Atlanta, IEPOX was further investigated as a precursor of the IEPOX-OA factor by correlating 
the daily averaged IEPOX-OA mass with IEPOX-derived SOA tracers. The 2-methyltetrols 
(Claeys et al., 2004), C5-alkene triols (Wang et al., 2005), and 3-MeTHF-3,4-diols (Lin et al., 
2012), were quantified from filters collected at the JST site in August and September 2011 by the 
GC/MS analysis, and their correlation with PMF factor solution from summer dataset is 
presented in Table 3.1. Table 3.1 shows that IEPOX-OA factor correlates well (r2 = 0.59) with 
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the summed mass concentrations of the measured IEPOX-derived SOA tracers, while correlation 
of other PMF factors with these tracers was significantly weaker (r2 = 0.02–0.35). These results 
provide substantial evidence that IEPOX-derived SOA is the source of the factor designated 
IEPOX-OA that we have resolved from the PMF analysis of the organic mass fraction collected 
by the ACSM during summer 2011. Importantly, correlation of the IEPOX-OA factor with other 
known biogenic SOA tracers, such as those derived from MAE SOA, α-pinene SOA, or biomass 
burning tracers (i.e., levoglucosan) are weaker (r2 < 0.3). A representative total ion 
chromatogram for a 24-h PM2.5 sample collected from the JST site shows that only one of the 
known α-pinene SOA tracers (i.e., 3-hydroxyglutaric acid) (Hallquist et al., 2009) is observed 
and the integrated peak area is lower compared to that from sum of IEPOX-derived SOA tracers 
(Fig. S17), which is consistent with recent field  (Lin et al., 2013a) and laboratory (Jaoui et al., 
2008) studies that suggest IEPOX-derived SOA is dominant in isoprene-rich environments. In 
addition, weak association of the IEPOX-OA factor with primary pollutants (r2NO = 0, r2NOx = 0, 
r2EC = 0.04, and r2CO = 0.05) suggests that this factor is formed under low-NO conditions, as 
expected for IEPOX chemistry  (Paulot et al., 2009, Surratt et al., 2010, Lin et al., 2012). 
The mass spectra of the IEPOX-OA factor, the laboratory-generated IEPOX-derived 
SOA, and the 82Fac from Borneo (Fig. 3) are characterized by a relatively intense ion at m/z 82. 
The mass spectrum of the IEPOX-OA factor correlates well with ACSM mass spectra of 
laboratory-generated IEPOX-derived SOA (r2 = 0.74) and cis-3-MeTHF-3,4-diol standard (r2 = 
0.85) as shown in Fig. 3.3b and Table 3.1. This correlation provides evidence that IEPOX SOA 
chemistry is the principal contributor to the IEPOX-OA factor resolved from PMF analysis and 
supports the use of m/z 82 (f82) as a tracer ion for the IEPOX-OA factor. 
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3.4.5 IEPOX-OA Formation and Characteristics  
Since isoprene is abundant in the southeastern U.S. (Guenther et al., 1994) and ~50% of 
it may be converted to gaseous IEPOX (Paulot et al., 2009) by the OH-initiated oxidation under 
low-NO conditions (Surratt et al., 2010), substantial amounts of IEPOX could undergo reactive 
uptake onto pre-existing aerosol surfaces (Lin et al., 2012), The IEPOX-OA factor concentration 
starts to increase when the solar radiation is high (> 400 W m-2) from 10:00 to 14:00 (Fig. 3.2a) 
and it remains high (~4 µg m-3) in the evening (18:00–02:00). This might be due to low mixing 
height at night (Marsik, 1995). Fig. 3.2a shows that the average concentration of the IEPOX-OA 
factor peaks in the afternoon and remains high overnight, which is in accord with recent 
measurements of IEPOX-derived organosulfates with an online aerosol time-of-flight mass 
spectrometer (ATOFMS) equipped with a laser ionization made by Hatch et al. at the same 
location (2011a, 2011b). The IEPOX-OA factor decreases to about 3 µg m-3 early in the morning 
and peaks again in late afternoon, which might suggest contribution to IEPOX-OA formation 
from a regional source.  
The possibility that RH influences IEPOX SOA chemistry (Zhang et al., 2011) was 
investigated as the high RH during night could contribute to maintaining the high nighttime 
IEPOX-OA mass levels illustrated in Fig. 3.2a. High RH provides wet surfaces for uptake of 
IEPOX, which is water-soluble (Eddingsaas et al., 2010). In this study aerosol liquid water 
content (LWC, [H2O]aq in ug m-3) estimated by E-AIM II averaged 6.03±5.09 ug m-3. The 
estimated LWC in Atlanta is comparable to a previous approximation using ISORROPIA-II 
(Zhang et al., 2012b). Weak correlation between model-estimated LWC and IEPOX-OA (r2 = 
0.06) tends to discount the importance of LWC in IEPOX heterogeneous chemistry; however, it 
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might have a role in providing aerosol surface and volume as proxies for reactive uptake of 
IEPOX. 
Since reactive uptake of gas-phase IEPOX by acidified sulfate aerosol surfaces has been 
demonstrated to lead to SOA in the laboratory (Lin et al., 2012), SO42- mass loading will be a 
likely determinant of SOA formation from IEPOX in Atlanta and in surrounding areas. Fig. 2a 
demonstrates that the temporal variation of the IEPOX-OA factor tracks that of ACSM SO42- 
measured at the JST site. In Atlanta, power plants located at the northwest to the southeast of the 
JST site (Peltier et al., 2007a) emit SO2, which is may subsequently be oxidized to sulfate 
aerosol that provides the necessary aerosol surface area to which IEPOX can partition. Periods of 
high IEPOX-OA mass generally coincide with westerly winds (Fig. B18), consistent with the 
location of the closest coal-fired power plants. Previous studies have shown that anthropogenic 
emissions enhance OC  (Lim and Turpin, 2002), and WSOC (Weber et al., 2007) formation in 
Atlanta. The IEPOX-OA factor shows some correlation with [H+]ion (r2 = 0.3) and [H+]in-situ (r2 = 
0.25) (Fig. B19), suggesting that aerosol acidity might have some influence on IEPOX-OA 
formation in Atlanta. These weak correlations can be attributed (in part) to reaction of the 
acidified aerosol with IEPOX to form organosulfate compounds reported in the free troposphere 
over southeastern U.S. (Froyd et al., 2010); therefore, the aerosol is largely neutralized when it 
reaches the sampling location. 
3.5 Atmospheric Significance  
This study provides substantial evidence that IEPOX-derived SOA is formed in the 
atmosphere through heterogeneous chemistry, strongly supporting laboratory and field 
observations of the same effect of anthropogenic emissions on biogenic SOA formation  (Weber 
et al., 2007, Surratt et al., 2010, Froyd et al., 2010, Lin et al., 2012). The hypothesis that mixing 
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height affects diurnal variations of IEPOX-derived SOA formation will require investigation of 
the altitude-dependence of the contribution of the IEPOX-OA factor from ground level to the 
boundary of the free troposphere. IEPOX-OA factor formation should be further investigated by 
additional ACSM or AMS measurements of OA in areas of the southeastern U.S. that are 
intermittently impacted by anthropogenic emissions in order to evaluate the regional nature of 
this OA type and its dependency on anthropogenic emissions. Results from our PMF analysis of 
NR-PM1 collected by the ACSM might be important in global SOA modeling, particularly with 
regard to the significance of anthropogenically-enhanced SOA formation from BVOC oxidation 
products (Spracklen et al., 2011). Moreover, it might also serve in guiding future 
epidemiological studies to assess the health impacts of long-term repeated exposure to IEPOX-
derived SOA. 
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CHAPTER 4: EXAMINING THE EFFECTS OF ANTHROPOGENIC EMISSIONS ON 
ISOPRENE-DERIVED SECONDARY ORGANIC AEROSOL FORMATION DURING 
THE 2013 SOUTHERN OXIDANT AND AEROSOL STUDY (SOAS) AT THE LOOK 
ROCK, TN, GROUND SITE3 
 
4.1 Abstract 
A suite of offline and real-time gas- and particle-phase measurements was deployed at 
Look Rock, Tennessee (TN), during the 2013 Southern Oxidant and Aerosol Study (SOAS) to 
examine the effects of anthropogenic emissions on isoprene-derived secondary organic aerosol 
(SOA) formation. High- and low-time resolution PM2.5 samples were collected for analysis of 
known tracer compounds in isoprene-derived SOA by gas chromatography/electron ionization-
mass spectrometry (GC/EI-MS) and ultra performance liquid chromatography/diode array 
detection-electrospray ionization-high-resolution quadrupole time-of-flight mass spectrometry 
(UPLC/DAD-ESI-HR-QToFMS). Source apportionment of the organic aerosol (OA) was 
determined by positive matrix factorization (PMF) analysis of mass spectrometric data acquired 
on an Aerodyne Aerosol Chemical Speciation Monitor (ACSM). Campaign average mass 
concentrations of the sum of quantified isoprene-derived SOA tracers contributed to ~10% (up to 
27%) of the total OA mass, with isoprene-epoxydiol (IEPOX) chemistry accounting for 98% of 
the quantified tracers. PMF analysis resolved a factor with a profile similar to the IEPOX-OA 
factor resolved in an Atlanta study and was therefore designated IEPOX-OA. This factor was 
                                                
3 This chapter is in preparation for publication in Atmospheric Chemistry and Physics 
Discussions. 
 56 
strongly correlated (r2 > 0.75) with 2-methyltetrols, IEPOX-derived organosulfate, and C5-alkene 
triols, confirming the role of IEPOX chemistry as the source. On average, IEPOX-derived SOA 
tracer mass was ~26% (up to 48%) of the IEPOX-OA factor mass, which accounted for 33% of 
the total OA. A low-volatility oxygenated organic aerosol (LV-OOA) and an oxidized factor 
with a profile similar to 91Fac observed in areas where emissions are biogenic-dominated were 
also resolved by PMF analysis, whereas no primary organic aerosol (POA) sources could be 
resolved. These findings were consistent with low levels of primary pollutants, such as nitric 
oxide (NO ~0.03 ppb), carbon monoxide (CO ~116 ppb), and black carbon (BC ~0.2 µg m-3). 
Aerosol sulfate showed a moderate association (r2 = 0.3 – 0.6) with the IEPOX-derived SOA 
tracers and the IEPOX-OA factor, revealing an influence of anthropogenic emissions on SOA 
formation from isoprene oxidation. Moderate correlation between the methacrylic acid epoxide 
(MAE)-derived SOA tracer 2-methylglyceric acid with sum of reactive and reservoir nitrogen 
oxides (NOy; r2 = 0.38) and nitrate (r2 = 0.45) indicates the potential influence of anthropogenic 
emissions through long-range transport. Despite the lack of a clear association of IEPOX-OA 
with locally estimated aerosol acidity and liquid water content, a box model calculations of 
IEPOX uptake using the simpleGAMMA model, accounting for the role of acidity and aerosol 
water, predicted the abundance of the IEPOX-derived SOA tracers 2-methyltetrols and the 
corresponding sulfates with moderate accuracy (r2 = 0.3 – 0.4). Thus, the simpleGAMMA model 
supports an anthropogenic influence on isoprene-derived SOA formation through acid-catalyzed 
heterogeneous chemistry of IEPOX due to the consistent presence of acidic sulfate aerosol in the 
southeastern U.S. 
 57 
4.2 Introduction 
Atmospheric fine particulate matter (PM2.5, aerosol with aerodynamic diameter ≤ 2.5 µm) 
can scatter and/or absorb solar and terrestrial radiation as well as influence cloud formation and 
as a result, can markedly affect regional and global climate (IPCC, 2013a). It is now also 
established that exposure to PM2.5 can have an adverse impact on human health  (Dockery et al., 
1993, Mauderly and Chow, 2008, Hsu et al., 2011). Organic matter (OM) comprises the largest 
mass fraction of PM2.5 and is derived largely from secondary organic aerosol (SOA) formed 
through atmospheric oxidation of volatile organic compounds (VOCs). SOA formation has been 
modeled primarily within the framework of absorptive gas-to-particle partitioning  (Pankow, 
1994, Odum et al., 1996), with the products of volatile and semi-volatile organic precursors 
decreasing in volatility during multi-generational oxidation, and condensing onto pre-existing 
particles or creating new particles through nucleation. Recent work has demonstrated the 
importance of heterogeneous (or particle-phase) chemistry in SOA formation  (Jang et al., 2002, 
Kalberer et al., 2004, Tolocka et al., 2004, Gao et al., 2004, Surratt et al., 2006); however, 
chemical transport models are only just beginning to incorporate explicit details of this chemistry 
for specific SOA precursors (Pye et al., 2013, Karambelas et al., 2014). Although much progress 
has been made in recent years in identifying key biogenic and anthropogenic SOA precursors, 
significant gaps still remain in our knowledge of the formation mechanisms, composition and 
properties of SOA (Hallquist et al., 2009). 
Isoprene (2-methyl-1,3-butadiene, C5H8) is the most abundant non-methane VOC emitted 
into Earth’s atmosphere at ~600 Tg yr-1 (Guenther et al., 2006). The southeastern U.S. during 
summer is a particularly strong source of isoprene, primarily through emissions by broad-leaf 
trees. Although isoprene is known to influence urban ozone (O3) formation in the southeastern 
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U.S., only in the last decade has hydroxyl radical (OH)-initiated oxidation been recognized as 
leading to significant SOA formation, enhanced by the presence of anthropogenic pollutants such 
as nitrogen oxides (NOx = NO + NO2) and sulfur dioxide (SO2)  (Claeys et al., 2004, Edney et 
al., 2005, Surratt et al., 2006, Kroll et al., 2006, Surratt et al., 2010). Previously, the volatility of 
the photochemical oxidation products had been assumed to preclude formation of PM2.5 from 
isoprene oxidation (Pandis et al., 1991, Kamens et al., 1982).  
Recent studies have made significant strides in identifying critical intermediates in 
isoprene SOA formation by varying the levels of NOx  (Kroll et al., 2006, Surratt et al., 2006, 
Surratt et al., 2010) and acidity of sulfate aerosol  (Surratt et al., 2006, Surratt et al., 2010, Lin et 
al., 2012, Lin et al., 2013a). The proposed role of isomeric isoprene epoxydiols (IEPOX) as key 
intermediates in the formation of isoprene SOA under low-nitric oxide (NO) conditions  (Surratt 
et al., 2010, Paulot et al., 2009) has recently been confirmed in studies using authentic 
compounds  (Lin et al., 2012, Gaston et al., 2014, Nguyen et al., 2014). Under high-NO 
conditions, isoprene SOA has been demonstrated to form primarily via oxidation of methacrolein 
(MACR) (Surratt et al., 2006) and methacryloyl peroxynitrate (MPAN) (Surratt et al., 2010) with 
methacrylic acid epoxide (MAE) from the further oxidation of MACR demonstrated as a reactive 
intermediate  (Lin et al., 2013b). Under both high- and low-NO conditions, acid-catalyzed 
reactive uptake and multiphase chemistry of isoprene-derived epoxides (IEPOX and MAE) are 
now known to enhance SOA formation  (Surratt et al., 2007b, Surratt et al., 2010, Lin et al., 
2013b). Recent flowtube studies on reactive uptake kinetics of trans-β-IEPOX (Gaston et al., 
2014), the predominant IEPOX isomer formed in the photochemical oxidation of isoprene (Bates 
et al., 2014), have estimated an atmospheric lifetime shorter than 5 h in the presence of highly 
acidic aqueous aerosol (pH ≤ 1). Since the predicted atmospheric lifetime of IEPOX for gas-
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phase oxidation is 8 – 33 hours at an average OH concentration of 106 molecules cm-3  (Jacobs et 
al., 2013, Bates et al., 2014) and 11 hours for deposition (Eddingsaas et al., 2010), reactive 
uptake of IEPOX onto highly acidic aqueous aerosol would be a competitive or potentially 
dominant fate of IEPOX in the atmosphere. Recent field data from sites across the southeastern 
U.S. collected by Guo et al. (2014) yielded estimates that aerosol pH ranges from 0.5 – 2. 
Consistent with expectations based on the flowtube studies (Gaston et al., 2014) and pH 
estimates from field data, IEPOX-derived SOA has been observed to account for up to 33% of 
the total fine OA mass collected during summer in downtown Atlanta, GA, by analysis of data 
acquired on an online Aerodyne Aerosol Chemical Speciation Monitor (ACSM) (Budisulistiorini 
et al., 2013). In offline chemical analysis of total fine OA mass at a rural site located in 
Yorkville, GA  (Lin et al., 2013b) up to 20%, of the OA mass could be attributed to the known 
IEPOX-derived SOA tracers, including the  2-methylterols (Claeys et al., 2004, Lin et al., 2012), 
C5-alkene triols  (Wang et al., 2005, Lin et al., 2012), cis- and trans-3-methyltetrahydrofuran-
3,4-diols (Lin et al., 2012, Zhang et al., 2012c) and IEPOX-derived organosulfates  (Surratt et 
al., 2007a, Surratt et al., 2010, Lin et al., 2012).   
In addition to examining the effects of NO and aerosol acidity on isoprene SOA 
formation, the effect of varying relative humidity (RH) has recently been examined.  In chamber 
studies on the high-NO pathway under low-RH conditions, the isoprene SOA constituents 2-
methylglyceric acids and corresponding oligoesters derived from MACR, MPAN, and MAE, 
were enhanced relative to higher RH conditions (Zhang et al., 2011, Nguyen et al., 2011). 
However, 2-methyltetrols, which are known to be major SOA constituents formed in the low-NO 
pathway and minor constituents in the high-NO pathway (Edney et al., 2005, Surratt et al., 
2007b), did not vary significantly with RH (Zhang et al., 2011). While RH appears to have an 
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effect on the formation of certain isoprene SOA constituents, recent flowtube studies 
demonstrated that aerosol acidity has a more pronounced effect on IEPOX-derived SOA 
formation than RH (Gaston et al., 2014). However, field studies have yielded mixed results. At 
Yorkville, GA, Lin et al.  (2013a) observed no strong correlation of IEPOX-derived SOA with 
aerosol acidity, NH3 levels or liquid water content (LWC), although there was a statistically 
significant enhancement of IEPOX-derived SOA under high SO2-sampling scenarios. Similarly, 
no correlation between isoprene SOA tracers and aerosol pH or LWC was observed in the 
analysis of filter samples collected from field studies in Sacramento, CA, or Carson City, NV 
(Worton et al., 2013), based on the Extended Aerosol Inorganic Model (E-AIM II) (Clegg et al., 
1998). Another recent field study by Budisulistiorini et al. (2013) found weak correlation (r2 = 
0.22) between aerosol pH and an IEPOX-OA factor resolved by positive matrix factorization 
(PMF) from real-time organic aerosol mass spectra data acquired on an Aerodyne ACSM.  
Although isoprene is now recognized as a major source of SOA, the exact manner in 
which isoprene-derived SOA is formed in the southeastern U.S. and how it is affected by 
anthropogenic pollutants (i.e., NOx level, aerosol acidity, sulfate and primary aerosol loadings) 
remains unclear. The gap in understanding has major public health and policy implications since 
isoprene is emitted primarily from terrestrial vegetation and is not controllable, whereas 
strategies to control anthropogenic pollutants can be implemented. Improving our fundamental 
understanding of the role of anthropogenic emissions in isoprene SOA formation will be key in 
improving existing air quality models, especially in the southeastern U.S. where models 
currently under-predict isoprene SOA formation (Foley et al., 2010, Carlton et al., 2010) and as a 
result will be critical to developing efficient control strategies for improving air quality. The 
study presented here is part of the 2013 Southeast Oxidant and Aerosol Study (SOAS) spanning 
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1 June – 17 July 2013 at the Look Rock (LRK), TN ground site.  A major aim of SOAS was to 
address the issue of how exactly isoprene SOA formation occurs and the potential of 
anthropogenic emissions to enhance SOA formation. At the LRK ground site we approached this 
aim by examining the chemical composition of organic aerosol measured in real-time by the 
Aerodyne ACSM and subsequently applying positive matrix factorization (PMF) for source 
apportionment. We also collected PM2.5 on filters and quantified tracers associated with isoprene 
chemistry off line to support the assignment of OA factors resolved from factor analyses of 
organic mass spectral data collected by the ACSM. We examined the potential influence of 
anthropogenic emissions on isoprene-derived SOA by correlation with temporal variation of 
anthropogenic markers monitored by collocated instruments. Finally, a photochemical box model 
was employed to further examine the potential interactions between SOA and anthropogenic 
emissions. The results of this study will improve model parameterizations required to bring 
model predictions closer to ambient observations of isoprene-derived SOA formation in the 
southeastern U.S.  
4.3 Method 
4.3.1 Site Description 
Fine aerosol was collected continuously from 1 June to 17 July 2013. LRK is a ridge-top 
site located on the northwestern edge of the Great Smoky Mountain National Park (GSMNP) 
downwind of Maryville and Knoxville and small farms with animal grazing areas. Up-slope flow 
carries pollutants emitted in the valley during early morning to the LRK site by mid-morning 
(Tanner et al., 2005). In the evening, down-slope flow accompanies a shift of wind direction to 
the south and east during summer that isolates the site from fresh primary emissions from the 
valley and allows aged-secondary species to accumulate (Tanner et al., 2005). As described in 
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Tanner et al. (2005), particulate sulfate, black carbon (BC), organic carbon (OC), PM2.5 and 
PM10 and gas-phase sulfur dioxide (SO2), nitric oxide (NO), nitrogen dioxide (NO2), and sum of 
reactive and reservoir nitrogen oxides (NOy) were measured by a suite of collocated instruments 
throughout the campaign (Table C1). Meteorological measurements (RH, temperature, wind 
direction, and wind speed) and O3 concentrations were acquired at a National Park Service 
(NPS) shelter across a secondary road opposite the LRK shelter. 
4.3.2 ACSM NR-PM1 Characterization 
Fine ambient aerosol was sampled from the rooftop of the LRK site air-conditioned 
building during the SOAS campaign. The sampling inlet was approximately 6 m above the 
ground and equipped with a PM2.5 cyclone. Sample was drawn at 3 L min-1 (residence time < 2 s) 
and dried using a nafion drier (PD-200T-24SS, Perma Pure) to maintain RH below 10% and 
prevent condensation during sampling. ACSM operation parameters followed those of previous 
studies (Budisulistiorini et al., 2013, Budisulistiorini et al., 2014). Briefly, the ACSM scanning 
rate was set at 200 ms amu-1 and data were averaged over 30 min intervals. Data were acquired 
using ACSM DAQ version 1438 and analyzed using ACSM Local version 1532 (Aerodyne 
Research, Inc.) within Igor Pro 6.3 (Wavemetrics). Calibrations for sampling flow rate, mass-to-
charge ratio (m/z), response factor of nitrate (RFNO3), and relative ionization efficiencies of both 
ammonium (RIENH4) and sulfate (RIESO4) were performed three times during the campaign. 
Mass resolution, heater bias and ionizer voltages, and amplifier zero settings were checked and 
adjusted daily. A collection efficiency (CE) of 0.5 was applied based on aerosol composition 
(Middlebrook et al., 2012). Correlations of combined aerosol mass concentrations of ACSM 
non-refractory (NR)-PM1 and collocated black carbon (BC) with aerosol volume concentrations 
of PM1 measured by the Scanning Electrical Mobility System-Mixing Condensation Particle 
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Counter (SEMS-MCPC, Brechtel Manufacturing Inc.) was strong (r2 = 0.89) and suggested an 
aerosol density of 1.52 g cm-3 (Fig. S1), close to that reported in previous studies in Pasadena, 
CA (Hayes et al., 2013) and Atlanta, GA (Budisulistiorini et al., 2014). If CE of 1 is used, the 
estimated aerosol density is 0.78 g cm-3, which is much lower than suggested bulk organic and 
inorganic aerosol densities of 1.27 g cm-3 and 1.77 g cm-3, respectively (Cross et al., 2007).  
4.3.3 OA Source Characterization  
Mass spectra acquired by the ACSM can be represented as a matrix ORG where columns 
j = observed m/z values and rows i = sampling time steps. In a bilinear model, such as PMF, the 
matrix ORG is defined as: 
𝑶𝑹𝑮𝒊,𝒋 = 𝑻𝑺!,!𝑴𝑺!,! + 𝑬!,!!!!! = 𝑶𝑹𝑮!,! + 𝑬!,!      (4.1) 
where the measured matrix ORG is approximated by p factors with time series (TS) and mass 
spectral profiles (MS) of the model solution, and matrix E is the difference between the 
measured matrix and fitted solution. For PMF, (TS) and (MS) are fitted using a least squares 
algorithm that minimizes iteratively the quantity Q, defined as sum of squared residuals weighted 
by their respective uncertainties: 
𝑸 = !!"!!" !!!!!!!!!                                                                                                  (4.2) 
When the Q value is at minimum, all elements in the organic matrix are fit to within their 
expected error. If the bilinear model is well fitted with minimum errors, the PMF solutions 
should give Q/Qexp close to one. Qexp is the expected value of Q that is approximately equal to 
number of points of ORG (t × m) matrix (Zhang, 2011): 
 𝑄 ≈ 𝑡×𝑚           (4.3) 
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Qualitatively, PMF solutions were analysed by running PMF algorithm from different random 
starting points (Seeds) (Paatero, 2007) and quantitatively by bootstrapping runs (Norris et al., 
2008). In general, the analysis will have rotational ambiguity (Paatero et al., 2002) that is 
controlled by the user using Fpeak. In this study, uncertainty of a selected solution was 
investigated with Seeds (varied from 0 to 100, in steps of 5), 100 bootstrapping runs, and Fpeak 
parameters. Details of diagnostics for each PMF analysis are given in Supplemental Information 
(Tables C2-C3 and Figs. C2-C5). 
We conducted PMF analysis  (Paatero and Tapper, 1994) using PMF Evaluation Tool 
(PET v2.4) (Ulbrich et al., 2009). Evaluation of Q/Qexp time series and mass spectra and 
correlation of factor solutions at Fpeak 0 with collocated measurements (Fig. C2, Table C3) 
suggests that a 3-factor solution is optimum. We selected a 3-factor solution at Fpeak -0.09 based 
on the quality of PMF fits and interpretability when compared to tracer time series and reference 
mass spectra (Table S5). The mass spectrum of a factor designated IEPOX-OA conforms closely 
to the IEPOX-SOA factor resolved in Atlanta, GA (Budisulistiorini et al., 2013). The mass 
spectrum of the second factor correlates closely with the factor identified as LV-OOA in 
previous studies (Ulbrich et al., 2009, Ng et al., 2011a). The third factor is designated 91Fac, 
based on the similarity of its mass spectrum to the factor 91Fac, an oxygenated factor resolved in 
areas dominated by biogenic emissions (Robinson et al., 2011, Chen et al., 2014).    
4.3.4 High-Resolution Time-of-Flight Chemical Ionization Mass Spectrometry (HR-ToF-
CIMS) Measurements 
Gaseous samples were measured through an approximately 1 m length of PTFE tubing 
(¼” outside diameter) from the side wall of the building at flow rate of 2 L min-1. The sampling 
line was placed to face the valley such that no structures or activity would compromise sampling. 
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Instrument performance was maintained daily by baseline, threshold, and single ion area tuning 
as well as m/z calibration. The instrument was not operational during some periods of the field 
campaign (i.e., 13 – 16 June, 21 June – 4 July, and 14 – 16 July) due to power outage, broken 
components, and necessary maintenances.  
The HR-ToF-CIMS instrument was operated in the negative ion mode using acetate ion 
chemistry for detection of isoprene-derived epoxides. The acetate ion system efficiently detects 
small organic acids via deprotonation (Veres et al., 2008, Bertram et al., 2011), such as MAE, 
and some vicinal diol species, such as the IEPOX, as clusters with the reagent ion. MAE is 
detected as the [C4H5O3]- ion at m/z 101, whereas IEPOX is detected as the [CH3COO·C5H10O3]- 
ion at m/z 177 (Fig. C6). All signals were normalized to acetate ion [CH3COO]- at m/z 59 to take 
into account fluctuations in signal arising from changes in pressure during the course of field 
sampling. Gaseous IEPOX and MAE were quantified with HR-ToF-CIMS by applying 
laboratory-derived calibration factors. Calibrations were performed before and after the SOAS 
campaign using synthetic trans-β-IEPOX and MAE standards through dilution in a dark 10-m3 
indoor chamber at the University of North Carolina (UNC) (Lin et al., 2012). Synthetic 
procedures for trans-β-IEPOX and MAE have been described previously  (Zhang et al., 2012c, 
Lin et al., 2013b). A known concentration of epoxide standard was injected into a 10-mL glass 
manifold using glass microliter syringes. The manifold was wrapped with heating tape and 
flushed with heated N2(g) at 5 L min-1 for at least 2 hours to the indoor chamber being sampled 
by the HR-ToF-CIMS until ion signals associated with MAE and IEPOX stabilized. We assumed 
unit injection efficiency of the epoxides through the glass chamber and into the chamber in 
calculating the chamber epoxide mixing ratios. Subsequently, we performed standard dilution of 
the HR-ToF-CIMS sample flow by teeing in an N2(g) flow controlled by eight different micro-
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orifices to obtain an eight-point calibration curve. The chamber was sampled continuously at 2 L 
min-1 for measurement of gaseous products by HR-ToF-CIMS and at 0.36 L min-1 for aerosol 
measurements by SEMS-MCPC to ensure that the chamber was particle free. Additionally, no 
particle nucleation events or significant particle loadings were observed over the course of 
calibrations. Normalized m/z 177 and 101 ions were plotted against epoxide mixing ratios of 
eight-point standards, however, only four-point standards were used for IEPOX calibration due 
to non-linearity. Slopes of the fittings were used as calibration factors for the field measurements 
(Fig. C7). Field calibrations were not performed due to the unavailability of IEPOX and MAE 
permeation tube systems.  
4.3.5 Filter Sampling Methods and Offline Chemical Analyses 
PM2.5 samples were collected on pre-baked Tissuquartz™ Filters (Pall Life Sciences, 8 × 
10 in) with three high-volume PM2.5 samplers (Tisch Environmental, Inc.).  All high-volume 
PM2.5 samplers were equipped with cyclones operated at 1 m3 min-1. One high-volume sampler 
collected PM2.5 for 23 hours (08:00 to 07:00 the next day, local time), while the two remaining 
samplers collected PM2.5 in two cycles. When the sampling schedules were daytime (08:00 – 
19:00, local time) and nighttime (20:00 – 07:00, local time), the collection cycle and samples are 
defined as regular day-night sampling periods and samples. On selected days (10 – 12 June, 14 – 
16 June, 29 – 30 June, and 9 – 16 July), when high levels of isoprene, sulfate (SO42-), and NOx 
were predicted at the LRK site by FLEXPART and MOZART model simulations (see SI), PM2.5 
were collected more frequently (08:00 – 11:00, 12:00 – 15:00, 16:00 – 19:00, and 20:00 – 07:00, 
local time) to capture the effects of anthropogenic pollution on isoprene SOA formation at higher 
time resolution by offline techniques. Such days are defined as intensive sampling periods and 
the samples as intensive samples. Forty-seven 23-hour integrated and two sets of 64 intensive 
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and 59 day-night filter samples were collected over the six-week period of the campaign and 
stored at -20°C until analysis. Field blanks were collected weekly by placing pre-baked quartz 
filters into the high-volume PM2.5 samplers for 15 min and then removing and storing them 
under the same conditions as the field samples. 
Instrumentation 
Gas chromatography/electron ionization-mass spectrometry (GC/EI-MS) was performed 
on a Hewlett-Packard (HP) 5890 Series II Gas Chromatograph equipped with an Econo-Cap®-
EC®-5 Capillary Column (30 m × 0.25 mm ID; 0.25 µm film thickness) coupled to an HP 5971A 
Mass Selective Detector. GC/EI-MS operating conditions and temperature program are provided 
in Surratt et al. (2010). 
Ultra performance liquid chromatography/diode array detector-electrospray ionization 
high resolution quadrupole time-of-flight mass spectrometry (UPLC/DAD-ESI-HR-QToFMS) 
was performed on an Agilent 6500 series system equipped with a Waters Acquity UPLC HSS T3 
column (2.1 × 100 mm, 1.8 µm particle size). UPLC/DAD-ESI-HR-QToFMS operating 
conditions are described in Zhang et al. (2011). 
Isoprene-derived SOA Tracer Quantification 
Detailed filter extraction procedures are provided in Lin et al.  (2013a). Briefly, from 
each filter two 37-mm punches (one for analysis by GC/EI-MS and one for UPLC/DAD-ESI-
HR-QToFMS analysis) were extracted in separate pre-cleaned scintillation vials with 20 mL 
high-purity methanol (LC-MS Chromasolv-grade®, Sigma Aldrich) by sonication for 45 min. 
Filter extracts were then filtered through 0.2-µm syringe filters (Acrodisc® PTFE membrane, Pall 
 68 
Life Sciences) to remove suspended filter fibers and insoluble particles, and then gently blown 
down to dryness under an N2(g) stream at room temperature. 
The known IEPOX-derived SOA tracers, 2-methyltetrols (Claeys et al., 2004), C5-alkene 
triols (Wang et al., 2005), cis- and trans-3-methyltetrahydrofuran-3,4-diols (3-MeTHF-3,4-diols)  
(Lin et al., 2013b), and IEPOX-derived dimers (Surratt et al., 2006), and the known MAE-
derived SOA tracer, 2-methylglyceric acid (2-MG) (Edney et al., 2005), were identified by 
GC/EI-MS immediately following trimethylsilylation. Derivatization was performed by reaction 
with 100 µL of BSTFA + TMCS (99:1, v/v, Supelco) and 50 µL of pyridine (anhydrous, 99.8%, 
Sigma Aldrich) at 70°C for 1 hour. 1 µL of derivatized sample was directly analyzed. Base peak 
ions of the corresponding tracers, m/z 219 for 2-methyltetrols, m/z 231 for C5-alkene triols, m/z 
262 for 3-MeTHF-3,4-diols, m/z 335 for dimers, and m/z 219 for 2-MG, were quantified using 
authentic standards of 2-methyltetrols (50:50, v/v, 2-C-methylerythritol and 2-C-methylthreitol), 
cis- and trans-3-MeTHF-3,4-diols, and 2-MG. The C5-alkene triols and dimers were quantified 
by the response factor obtained for the synthetic 2-methyltetrols. Synthetic procedures for cis- 
and trans-3-MeTHF-3,4-diols have been described previously by Zhang et al. (2012c). Synthesis 
of the tetrol mixture will be described in a forthcoming publication; the 1H NMR trace (Figure 
C8) shows a 1.2:1 2-C-methylerythritol and 2-C-methylthreitol of >99% purity. 
Organosulfates, including the 2-methyltetrol sulfate esters ([C5H11O7S]-, m/z 215), 
IEPOX dimer sulfate esters ([C10H21O10S]-, m/z 333) (Surratt et al., 2008), and 2-MG sulfate 
ester ([C4H7O7S]-, m/z 199)  (Lin et al., 2013b), were analyzed by UPLC/DAD-ESI-HR-
QToFMS. The UPLC/DAD-ESI-HR-QToFMS was operated in both negative and positive ion 
modes; however, only the negative ion mode data is presented here since the positive ion mode 
data were recently described in Lin et al. (2014). Filter extract residues were reconstituted with 
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150 µL of a 50:50 (v/v) solvent mixture of methanol (LC-MS Chromasolv-grade, Sigma Aldrich) 
and laboratory Milli-q water and a 5 µL aliquot of each sample was eluted with solvent of the 
same composition. IEPOX-derived sulfate esters (2-methyltetrol sulfate esters) were quantified 
using an authentic standard synthesized at UNC, while sodium propyl sulfate was used to 
quantify the remaining isoprene-derived organosulfates. The 2-methyltetrol sulfate ester 
standards were obtained and used as tetrabutylammonium salts. The synthetic procedure will be 
described in a forthcoming publication. The 1H NMR trace (Figure C9) shows the purity of the 
sulfate ester mixture is >99%.  The response factor of the authentic sulfate ester standards from 
several analyses is a factor of 2.25 ± 0.13 lower than that of sodium propyl sulfate used in 
previous field studies  (Lin et al., 2013a), suggesting that the IEPOX organosulfates likely make 
a contribution to mass concentration higher by a factor of ~2.3 than previously estimated at field 
sites. Table 4.1 summarized data for isoprene-derived SOA tracers quantified from 123 filter 
samples using the above techniques.  
Table 4.1 Summary of isoprene-derived SOA tracers measured by GC/EI-MS and UPLC/DAD-
ESI-HR-QToFMS 
SOA Tracers 
Retention 
Time 
(min) 
# of 
Samples 
Detecteda 
Concentration (ng m-3) 
Average % 
among 
detected 
tracers Maximum Mean 
Tracers by GC/EI-MS      
trans-3-MeTHF-3,4-diol 20.5 55 18.8 2.7 0.6% 
cis-3-MeTHF-3,4-diol 21.1 29 5.7 1.7 0.4% 
2-methylglyceric acid 23.4 119 36.7 7.5 1.6% 
2-methylthreitol 32.9 122 329.8 42.4 8.8% 
2-methylerythritol 33.7 122 1269.7 120.7 25.2% 
(Z)-2-methylbut-3-ene-1,2,4-triol 25.6 121 260.0 29.1 6.1% 
2-methylbut-3-ene-1,2,3-triol 26.6 118 162.5 16.5 3.4% 
(E)-2-methylbut-3-ene-1,2,4-triol 26.9 122 1127.0 98.8 20.6% 
Tracers by UPLC/DAD-ESI-HR-
QToFMS tracers      
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SOA Tracers 
Retention 
Time 
(min) 
# of 
Samples 
Detecteda 
Concentration (ng m-3) 
Average % 
among 
detected 
tracers Maximum Mean 
IEPOX-derived organosulfates 1.1 – 1.7 122 959.7 155.0 32.3% 
IEPOX-derived dimer organosulfate 2.8 70 157.6 17.1 3.6% 
MAE-derived organosulfate 1.1 100 28.0 3.7 0.8% 
a Total number of samples is 123 
 
Filter Analysis of WSOC and OC Constituents 
For analysis of water-soluble organic compound (WSOC) concentrations, additional filter 
punches (47 mm) were placed in pre-cleaned glass vials and extracted with 30 or 40 mL ultra 
pure water by sonication for 40 min at 1 kHz. Extracts were filtered through a syringe filter (0.45 
µm, GE Heathcare UK Limited, UK) to remove insoluble particles. Samples were extracted 
batch-wise, with each batch containing 12-21 ambient samples, one lab blank, and one sample 
spiked with 1000 µgC L-1.  Total organic carbon (TOC) was analyzed using a 5310 C TOC 
Analyzer and 900 Inorganic Carbon Remover (ICR).  The instrument was calibrated by single-
point calibration with 1000 µgC L-1 of potassium hydrogen phthalate (KHP) and sodium 
carbonate.  The calibration was verified with 1000 µgC L-1 of sucrose, and checked daily with a 
1000 µgC L-1 of KHP standard. Standards and samples were run in triplicate; the first data point 
was rejected and the following two averaged.  
Total OC and elemental carbon (EC) measurements from filter samples were conducted 
at the National Exposure Research Laboratory, U.S. Environmental Protection Agency, at 
Research Triangle Park, NC. A 1.5 cm2 punch was taken from each filter for OC/EC analysis 
using the thermal-optical method  (Birch and Cary, 1996) on a Sunset Laboratory (Tigard, OR) 
OC/EC instrument. Table C4 provides temperature and purge gas settings for the method. The 
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instrument was calibrated internally using methane gas and the calibration was verified with 
sucrose solution at four mass concentrations.      
4.3.6 E-AIM model 
Estimates of aerosol acidity were based on the inorganic composition of ambient aerosol 
using the Extended Aerosol Inorganic Model (E-AIM II) (Clegg et al., 1998). Inputs for the 
model were inorganic sulfate, nitrate, and ammonium in µmol m-3, measured by the ACSM 
under ambient conditions and RH and temperature obtained from National Park Service (NPS). 
From the model, we get estimation of H+ activity (𝑎!!, mol L-1) as well as aqueous phase H2O 
(LWC, mol L-1). Aerosol pH is then calculated by the following equation: 
𝑝𝐻 = − log!" 𝑎!!          (4.4) 
4.3.7 simpleGAMMA model 
simpleGAMMA  (RW.ERROR - Unable to find reference:438) is a reduced version of 
GAMMA (Gas Aerosol Model for Mechanism Analysis), the detailed photochemical box model 
of aqueous aerosol SOA (aqSOA) formation developed by McNeill and coworkers (McNeill et 
al., 2012). GAMMA and simpleGAMMA represent aqSOA formation in terms of bulk aqueous 
uptake followed by aqueous-phase reaction (Schwartz, 1986). For this study, we utilized only the 
aqueous aerosol-phase chemistry of IEPOX to predict isoprene-derived SOA constituents. We 
applied the Henry’s law constant of 3 × 107 M atm-1 for IEPOX partitioning based on 
measurements by Nguyen et al. (2014) on deliquesced NaCl particles. Estimation of 2-
methyltetrols and IEPOX-derived organosulfate masses in the aqueous phase was based on the 
Eddingsaas et al. (2010) mechanism: 
IEPOX aq → 1− 𝛽 ∙ 2methyltetrols+ 𝛽 ∙ IEPOXorganosulfate   (4.5) 
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where β is a branching ratio between 2-methyltetrols and IEPOX-derived organosulfate 
concentration. We applied β = 0.4 based on the observation of Eddingsaas et al. (2010) for the 
most concentrated bulk solution they studied. The rate constant for reaction (4.5) (ka) is a 
function of 𝑎!! and nucleophile concentrations (Eddingsaas et al., 2010), modified to include the 
possible protonation of IEPOX(aq) by ammonium (Nguyen et al., 2014): 
𝑘𝑎 = 𝑘!!𝑎!! + 𝑘!"!!! 𝑆𝑂!!! 𝑎!! + 𝑘!"#!! 𝐻𝑆𝑂!! + 𝑘!"!! 𝑁𝐻!!     (4.6) 
Here, 𝑘!! = 5×10!!𝑠!!, 𝑘!"!!! = 2×10!!𝑀!!𝑠!!, and 𝑘!"#!! = 7.3×10!!𝑀!!𝑠!!. The 
ammonium rate constant, 𝑘!"!!, was calculated using GAMMA and the results of the chamber 
study of Nguyen et al. (2014) to be 1.7×10!!𝑀!!𝑠!!. 
IEPOX uptake and formation of 2-methyltetrols and IEPOX-derived organosulfate was 
computed using simpleGAMMA with aqueous phase SO42-, HSO4-, H2O concentrations (mol L-1 
of aerosol), 𝑎!!, and pH estimated by E-AIM II simulation of field conditions (section 4.3.6), 
ambient temperature and RH obtained from NPS, aerosol surface area obtained from SEMS-
MCPC measurements, and IEPOX concentrations from HR-ToF-CIMS (Section 4.3.4). Masses 
of SOA tracers formed over 12 hours are compared with measurements in Section 4.4.4.     
4.4 Results and Discussion 
4.4.1 Fine Aerosol Component Mass Concentrations 
Chemical measurements of fine aerosol made by the ACSM and collocated instruments 
are presented in Fig. 4.1. The ACSM measured a campaign average 7.6 ± 4.7 µg m-3 of NR-PM1, 
which is predominantly organic aerosol (64.1%). Sulfate aerosol (24.3%) is the most dominant 
inorganic aerosol component, followed by ammonium (7.7%), nitrate (3.8%), and chloride 
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(0.1%). The NR-PM1 mass measured at the site shows strong association (r2 = 0.89) with the 
SEMS-MCPC PM1 mass measurements (Figs. 4.1d and C1).  
Moderate correlations, depicted in Fig. S10, were observed between ACSM OM and 
filter OC and WSOC (r2 = 0.54, 0.39, respectively) as well as between filter OC and WSOC 
measurements (r2 = 0.36), suggesting that fractions of OM and OC at LRK site are water-soluble 
as previously observed  (Turpin and Lim, 2001). This water-soluble fraction may be associated 
with high isoprene emissions in this area (Zhang et al., 2012a). Lewis et al. (2004) reported that 
56%-80% of total carbon in PM2.5 samples collected during summer in Nashville, TN, was non-
fossil carbon, supporting the importance of biogenic SOA in the southeastern U.S. during 
summer. It is potentially possible that some fraction of this non-fossil carbon is associated to 
biomass burning (Ke et al., 2007). A more recent study found that non-fossil carbon accounts for 
50% of carbon at two urban sites and 70%-100% of carbon at 10 near-urban or remote sites in 
the U.S. (Schichtel et al., 2008). In summer 2001, the fraction of non-fossil carbon was reported 
to vary from 66-80% of total carbon at the LRK, TN site, suggesting the importance of 
photochemical oxidation of biogenic VOCs (Tanner et al., 2004). The slope of the linear 
regression analysis on Fig. C10a indicates an OM : OC ratio of 2.34 and OM:WSOC ratio of 
2.19. Using the Aiken et al. (2008) parameterization approach, we found an average (±1-σ) OM : 
OC ratio of 2.14 (±0.18). The LRK OM : OC ratios obtained from measurements and 
parameterization are consistent with a previous study at Look Rock (2.1)  (Turpin and Lim, 
2001), but higher than that those measured at Centerville, AL (1.77)  (Sun et al., 2011b), 
probably ascribable to different atmospheric aerosol properties at the two sites.  
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Figure 4.1. Time series mass concentration of (a) organic and (b) inorganics (excluding 
chloride) measured by ACSM, (c) black carbon (BC) measured by Aethalometer, and (d) NR-
PM1 and PM1 mass concentrations measured by ACSM and SEMS-MCPC. Collocated sulfate 
aerosol measured by Thermo Scientific Sulfate Analyzer was plotted on (b). OC (bars) and 
WSOC (dots) measured from filter samples were plotted on (a) with ACSM organic. EC (bars) 
measured from filter samples were plotted on (c) along with BC measurements.   
 
Elemental analyses of ACSM unit-mass resolution data using the Aiken et al. (2008) 
parameterization results in an average (1-σ) O : C ratio of 0.77 (0.12). This might indicate that 
OA at the Look Rock site is more oxidized than previous observations in the southeastern U.S. 
(Centerville, AL, reported an O : C ratio of 0.60)  (Sun et al., 2011b). 
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ACSM sulfate aerosol measurements (average of 1.85 ± 1.23 µg m-3) agree well (r2 = 
0.67, slope 1.08) with the collocated sulfate measurements (Table C1), demonstrating that 
ACSM performed well when compared to existing air quality monitoring instruments as 
previously reported (Budisulistiorini et al., 2014). Low nitrate concentration is expected due to 
the high summer temperatures (15 – 31°C) and low prevailing NOx concentrations (0.1 – 2 ppb) 
measured at the site. In the absence of a significant source of chloride, chloride concentrations 
were predictably low (0.01 ± 0.01 µg m-3).  
On average, mass concentration of BC was 0.23 ± 0.14 µg m-3 or about 3% of total PM2.5 
measured at the site. The low relative contribution was consistent during the campaign except on 
11 to 12 July when there was a significant increase during few hours overnight. EC measured 
from filters was even lower at 0.06 µg m-3 on average and was only weakly correlated (r2 = 0.32) 
with BC. Carbon monoxide (CO), another primary species measured at LRK, was also low 
(115.62 ± 24.06 ppb on average) throughout the campaign. A previous study found that the level 
of primary species increased during mid-morning when the boundary layer height reached the 
site, and declined later in the day as a result of dilution (Tanner et al., 2005). In contrast, 
secondary species such as PM2.5 and sulfate do not show significant diurnal variability, 
suggesting local meteorological conditions are less influential in determining concentrations of 
the long-lived species (Tanner et al., 2005). The overall low concentration of primary emissions 
at the site (Fig. C11) is consistent with minimum local and/or regional primary emissions. 
4.4.2 Source Apportionment of OA from the ACSM 
PMF analysis was conducted on the ACSM OA mass spectral data in order to resolve 
factors (or source profiles) without a-priori assumptions. A 3-factor solution resolved from PMF 
analysis, as shown in Figs. 4.2 and 4.3, was selected as the best-fit (see SI for details of Q/Qexp, 
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fpeak, etc.), comprised of the known LV-OOA factor (Jimenez et al., 2009, Ulbrich et al., 2009), 
an IEPOX-OA factor  (Budisulistiorini et al., 2013, Slowik et al., 2011, Robinson et al., 2011), 
and a factor similar to 91Fac, a factor previously observed in areas dominated by biogenic 
emissions (Robinson et al., 2011, Slowik et al., 2011, Chen et al., 2014).  
 
 
Figure 4.2. Mass spectra obtained for the 3-factor solution from PMF: IEPOX-OA, LV-OOA, 
and 91 Fac.  
Table 4.2. Correlation (r2) of PMF Factors with isoprene-derived SOA tracers measured by 
GC/EI-MS and UPLC/DAD-ESI-HR-QToFMS 
SOA Tracers IEPOX-OA LV-OOA 91Fac 
3-methyltetrahydrofuran-3,4-diols 0.12 0.13 0.24 
2-methyltetrols 0.80 0.20 0.38 
C5-alkene triols 0.75 0.19 0.44 
2-methylglyceric acids 0.38 0.44 0.44 
IEPOX-derived organosulfates 0.77 0.31 0.43 
IEPOX-derived dimer organosulfate 0.04 0.00 0.00 
MAE-derived organosulfate 0.34 0.41 0.50 
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Figure 4.3. Left panel shows the PMF 3-factor solution time series mass contributions measured 
by ACSM. Top to bottom: left ordinate, IEPOX-OA (black), LV-OOA (red), and 91 Fac (green); 
right ordinate, sulfate (orange) and nitrate (blue). Right panel shows average mass contributions 
(top) and diurnal variation (bottom) of factors resolved by PMF. 
 
The IEPOX-OA factor resolved from our dataset is more closely correlated to sulfate 
measured by the ACSM (r2 = 0.58) than by the collocated instrument (r2 = 0.31) (Table C5). 
Correlation of gaseous IEPOX measured by HR-ToF-CIMS with the IEPOX-OA factor is low 
(r2 = 0.24), which may be a consequence of IEPOX uptake onto sulfate aerosol upwind of the 
sampling site, since IEPOX has an estimated lifetime of 5 hours in the presence of aqueous, 
highly acidic aerosol (pH ≤ 1) (Gaston et al., 2014). Importantly, the IEPOX-OA factor 
correlates strongly with 2-methyltetrols (r2 = 0.80), IEPOX-derived organosulfate (r2 = 0.77), 
and C5-alkene triols (r2 = 0.75) (Table 4.2), giving an overall r2 of 0.84 with sum of IEPOX-
derived SOA tracers measured by offline techniques. The high correlation provides strong 
evidence that IEPOX chemistry gives rise to the PMF factor we have designated as the IEPOX-
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OA factor. The contribution of this factor to total OM is 33%, which is strikingly consistent with 
the contribution of the factor designated as the IEPOX-OA factor in the PMF analysis of fine 
organic aerosol collected in downtown Atlanta, GA, during summer (Budisulistiorini et al., 
2013). Located on a ridge top above the morning valley fog, LRK receives air masses from the 
valley as the boundary layer rises during the day (Tanner et al., 2005). As a consequence, 
IEPOX-derived SOA from surrounding forested and isoprene-rich areas were likely continuously 
oxidized during transport to the sampling site. Transport from distant origins may also explain 
the lack of significant diurnal variation (Fig. 4.3) of the IEPOX-OA factor at LRK in contrast to 
the behavior of the IEPOX-OA factor observed in Atlanta (Budisulistiorini et al., 2013). Despite 
the strong diurnal profile of isoprene at LRK site, diurnal variations of the gas-phase products of 
isoprene photooxidation (i.e., MVK+MACR, IEPOX and MAE) were small during this 
campaign (Fig. 4.4). The small diurnal variation of IEPOX might explain the small diurnal 
variation of the IEPOX-OA factor. WSOC shows fair correlation with some IEPOX-OA tracers 
(r2 = 0.3 – 0.4; Table C6) and IEPOX-OA factor (r2 = 0.37; Table C5) the nature of which will 
be discussed in more detail below.  
The LV-OOA factor contributes ~48% of OM (Fig. 4.3). The average f44 = 0.22 is 
comparable to that of the standard LV-OOA profile (Ng et al., 2011a), suggesting it is an 
oxidized (aged) aerosol. The LV-OOA correlated well with nitrate (r2 = 0.62) but more weakly 
with sulfate (r2 = 0.39) (Table C5). Correlation with nitrate as well as the high level of oxidation 
are consistent with the suggestion above that a fraction of OA originates in the valley. In the 
valley, OA formation would be influenced by nitrate chemistry or anthropogenic emissions and 
age during transport to the LRK site.  
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Figure 4.4. Diurnal variation of isoprene (left ordinate) as well as isoprene gaseous 3 
photooxidation products (right ordinates), i.e., MVK+MACR, IEPOX and MAE, measured at 
LRK site. It should be noted that the right ordinates are on finer scale than the left ordinate.  
 
 
 
Figure 4.5. Correlation of PMF factors with α-pinene derived organosulfate, C10H16O7S (a), 
nitrated organosulfates, C9H15NO8S (b), and terpenylic acid C8H12NO4 (c).  
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The 91Fac factor is characterized by a distinct ion at m/z 91. At LRK, the average f44 of 
91Fac is 0.12, between the values 0.05 and 0.16 reported for standard SV-OOA and LV-OOA 
profiles, respectively (Ng et al., 2011a), indicating that it is likely an oxygenated OA. The LRK 
91Fac makes the smallest contribution to OM (19%) of the three factors resolved by PMF 
analysis. The 91Fac diurnal pattern shows slight increases during noon and night, suggesting that 
this factor might be affected by both photochemistry and nighttime chemistry. The source of 
91Fac is currently a matter of speculation. Aged biomass burning aerosol (Robinson et al., 2011) 
has been suggested because of the similarity of the profile to that of biomass burning aerosols, 
except for absence of prominent ions at m/z 60 and 73 expected from levoglucosan (Alfarra et 
al., 2007). A more recent study proposed that fresh BVOC (i.e., monoterpene) oxidation products 
are a possible source based on chamber experiments (Chen et al., 2014). At LRK, 91Fac 
correlates moderately well with a monoterpene-derived organosulfate (C10H16O7S, r2 = 0.52; Fig. 
4.5) and terpenylic acid (C8H12NO4, r2 = 0.36), but weakly with a monoterpene-derived nitrated 
organosulfate (C9H5NO8S, r2 = 0.15). Good correlation between LRK 91Fac and aerosol nitrate 
(r2 = 0.55) and weak association (r2 < 0.2) with NOx, NOy, and CO (Table C5) are indicative of 
an aged aerosol that may be associated with nitrate radical chemistry or as yet unidentified 
pathways. Therefore, potential association of 91Fac with monoterpene SOA chemistry or aged 
biomass burning requires further investigation and will be the focus of future studies. 
A source apportionment study of organic compounds in PM2.5 at LRK during August 
2002 using the chemical mass balance (CMB) model evaluated contributions by eight primary 
sources, chosen as representing the major contributors to fine primary OC in the southeast U.S. 
Primary sources, consisting largely of wood burning, were estimated to contribute ~14% of the 
total OC at LRK (Ke et al., 2007). 14C Analysis of the LRK PM2.5 in the same study showed that 
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during summer, ~84% of the OC was non-fossil carbon (Ke et al., 2007). By contrast, our current 
study resolved no POA by PMF analysis. However, in subsequent studies, we will investigate the 
influence of POA at LRK by examining the 14C data from filter samples.  
4.4.3 Identification and Quantification of Isoprene-derived SOA Tracers 
2-Methylglyceric acid, 2-methyltetrols, C5-alkene triols and IEPOX-derived 
organosulfates were detected in most filter samples (Table 4.1). Among all observed SOA 
tracers, 2-C-methylerythritol and 2-methylbut-3-ene-1,2,4-triol were the most abundant species 
identified by GC/EI-MS, contributing 25.2% (120.7 ng m-3 on average) and 20.6% (98.8 ng m-3 
on average), respectively of total quantified mass, while isomeric IEPOX-derived organosulfates 
accounted for 32.3% (155 ng m-3 on average) of the mass detected by UPLC/DAD-ESI-HR-
QToFMS. Concentrations of the isomeric 3-MeTHF-3,4-diols were lower (≤ 18.8 ng m-3), often 
at or below detection limits. Concentration of gaseous IEPOX was on average 0.6 ppb 
(maximum 5.9 ppb) significantly higher than gaseous MAE at 2.8 × 10-3 ppb on average 
(maximum 0.02 ppb). This explains the abundant of IEPOX-derived SOA tracers compared to 
MAE-derived tracers. In sum, IEPOX- and MAE-derived tracers contributed 97.8% and 2.2%, 
respectively, of total isoprene-derived SOA mass. This observation is consistent with a previous 
field study in Yorkville, GA, which reported the summed IEPOX-derived SOA tracers 
comprised 97.5% of the quantified isoprene-derived SOA mass  (Lin et al., 2013a). Total 
IEPOX-derived tracers masses were on average 25.9% (maximum 47.8%) of the IEPOX-OA 
factor mass. This is consistent with a recent laboratory study of isoprene photooxidation under 
high HO2 conditions that suggested IEPOX isomers contributed about 50% of SOA mass formed 
(Liu et al., 2014).   
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Masses of IEPOX- and MAE-derived SOA tracers were fairly correlated (r2 = 0.36 and 
0.29, respectively) with WSOC (Fig. C10c). Around 24% of the WSOC mass might be explained 
by IEPOX-derived SOA tracer masses, which consist predominantly of 2-methyltetrols, C5-
alkene triols, and IEPOX-derived organosulfates. The tetrols and triols are hydrophilic 
compounds owing to the OH groups, and the organosulfates are ionic polar compounds (Gómez-
González et al., 2008).  
An interesting and potentially important observation is that oligomeric IEPOX-derived 
humic-like substances (HULIS) have been reported in both reactive uptake experiments onto 
acidified sulfate seed aerosol and ambient fine aerosol (Lin et al., 2014). The HULIS is a mixture 
of hydroxylated, sulfated as well as highly unsaturated, light-absorbing components which may 
partition between WSOC and water insoluble organic carbon (WISC) fractions (Lin et al., 2014). 
This finding might also in part explain the moderate correlation between WSOC and the IEPOX-
OA factor. However, HULIS has not been quantified here due to the lack of authentic standards, 
but will likely help to close the IEPOX-OA mass budget once appropriate standards are 
developed and applied. As quantified by ACSM, summed isoprene-derived SOA tracers on 
average accounted for 0.5 µg m-3 or ~10% (up to 4.1 µg m-3 or 27%) of the average organic 
aerosol mass of 5.1 µg m-3 (maximum 15.3 µg m-3) during the campaign. This contribution is 
somewhat lower than reported at a different rural site in the southeast U.S. (13.6% - 19.4%)  (Lin 
et al., 2013a) but higher than reported at a forested site in central Europe (6.8%) (Kourtchev et 
al., 2009) and a rural site in south China (1.6%) (Ding et al., 2012). However, it should be noted 
that in all previous studies 2-methyltetrols and C5-alkene triols were quantified by surrogate 
standards structurally unrelated to the target analytes. In contrast to the current study, authentic 
2-methyltetrols were used as standards for quantification of the 2-methyltetrols and structurally 
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related C5-alkene triols, and 2-methyltetrol sulfate esters as a standards for IEPOX-derived 
organosulfates. The use of structurally unrelated surrogate standards may account in part for 
discrepancies between this and previous studies in which total isoprene SOA mass may have 
been underestimated as a result of higher instrument response to surrogates and/or lower 
recovery in sample preparation. These possibilities warrant further investigation using the same 
analytical protocols and comparison of instrumental responses to authentic and surrogate 
standards. 
4.4.4 Influence of Anthropogenic Emissions on Isoprene-Derived SOA Formation at Look 
Rock 
Effects of aerosol acidity and nitrogen-containing species 
The time series of aerosol pH estimated by E-AIM II overlaid on the time series of the 
IEPOX-OA factor and IEPOX- and MAE-derived SOA tracers (Fig. 4.6a, Tables C5-C6) 
suggests that local aerosol acidity is not correlated with these measured variables. The 
correlation coefficients of the IEPOX-OA factor with E-AIM-II estimated pH and LWC bears 
out this conclusion (r2 ~0.0; Table C5). As discussed in the Introduction, this is consistent with 
results from filter samples collected in studies at Yorkville, GA  (Lin et al., 2013a), Sacramento, 
CA, and Carson City, NV (Worton et al., 2013) in which no correlation was observed between 
aerosol pH or LWC calculated by E-AIM II and isoprene-derived SOA tracers, while 
Budisulistiorini et al. (2013) reported a weak correlation (r2 = 0.22) between aerosol pH and the 
IEPOX-OA factor resolved from PMF analysis of real-time organic aerosol mass spectral data 
obtained from an ACSM deployed in Atlanta, GA. Aerosol acidity can be expected to change 
during transport and aging. Further complicating factors may be neutralization of the aerosol as 
IEPOX is taken up by heterogeneous reaction and slowing of uptake kinetics as the aerosol 
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surface is coated with a hydrophobic organic layer (Gaston et al., 2014). Moreover, it is likely 
that pH and LWC together influence IEPOX heterogeneous reactions in a non-linear way. As a 
consequence, interpretation of the apparent lack of relationship between SOA and local aerosol 
acidity is challenging. The IEPOX-OA factor is moderately correlated with aerosol sulfate 
measured by ACSM (r2 = 0.58), while IEPOX- and MAE-derived SOA tracers are less well 
correlated (r2 ~0.4) (Fig. 4.6b).   
 
  
Figure 4.6. (a) Time series of IEPOX-OA factor (black bars), summed of IEPOX-derived (pink 
dots) and MAE-derived (yellow squares) SOA tracers, and aerosol pH (purple cross; campaign 
average pH = 2.2) estimated by E-AIM II model. Darker bars are intensive filter sampling 
periods. Correlation plots between IEPOX-OA, summed of IEPOX-derived and MAE-derived 
SOA tracers and (b) sulfate measurements by ACSM and (c) NOy measurements from NPS.  
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Correlation of IEPOX-OA and isoprene-derived SOA tracers with NOx, NOy, and 
reservoir species (NOz = NOy – NOx) was also examined. None of the nitrogen species showed 
significant association with either the IEPOX-OA factor (r2 < 0.1; Table C5) or the IEPOX-
derived SOA tracers (r2 < 0.3; Table C5). Absence of correlations suggest that: (1) the formation 
of isoprene SOA primarily through the low-NO pathway of isoprene photooxidation (Paulot et 
al., 2009, Surratt et al., 2010), (2) the isoprene oxidation did not happen locally, and (3) the gas-
phase isoprene oxidation is not yet fully understood. Correlation plot of NOy with summed MAE 
tracers are shown in Fig. 4.6c, and correlation values with individual compounds are given in 
Table C6. NOy showed moderate correlation with 2-MG (r2 = 0.38). NOy is a measure of total 
reactive nitrogen species, including MPAN which is a precursor of SOA via oxidation of 
isoprene under high-NOx conditions (Surratt et al., 2010, Chan et al., 2010) and is proposed to 
yield MAE as a major product (Lin et al. 2013). MPAN could be carried from the valley with air 
parcels in which MAE is generated under the influence of anthropogenic emissions. 2-MG is 
proposed to be the hydrolysis product of MAE and correlation between NOy and 2-MG is 
consistent with this hypothesis. The observation that neither the summed MAE tracers nor 2-MG 
correlated with NOx, is consistent with the hypothesis that MAE is transported to the sampling 
site subsequent to formation in the valley. Both MAE-derived organosulfate and 2-MG were 
moderately correlated with NOz (r2 = 0.33, 0.35, respectively; Table C6). The similarity of 
correlation coefficients of MAE tracers and 2-MG with NOz and NOy is in accord with the 
composition of NOz, which includes all nitrogen species with the exception of NOx. 
In addition to the pattern of daily up-slope transport of air from the valley, air mass back-
trajectory during high IEPOX-derived SOA episodes (Fig. C12) indicated that air masses also 
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originated west of LRK, in the direction of the urban areas of Knoxville and Nashville, TN. Yet 
further west of the LRK site are the Missouri Ozarks, a large source of isoprene emissions 
(referred to as the “isoprene volcano”) (Guenther et al., 2006). During summer, isoprene emitted 
in the Ozarks could mix with anthropogenic emissions from Knoxville and Nashville, 
undergoing atmospheric processing during transport. As a consequence, long distance transport 
and accompanying oxidative processing may make a contribution to the IEPOX SOA load at 
LRK. During low IEPOX-derived SOA periods (Fig. C13) air masses originated predominantly 
from the south and southwest, which are densely forested, rural areas.  
Box Modeling Reveals Role of Aqueous Acidic Aerosol on IEPOX-Derived SOA  
The IEPOX-derived SOA tracers (2-methyltetrols and IEPOX-derived organosulfate) 
predicted using simpleGAMMA, taking the locally measured IEPOX and aerosol parameters as 
inputs, show fair correlation (r2 = 0.3 – 0.4) with the tracers quantified from filter samples (Table 
4.3). Slopes of the scatterplots show that the model overestimated the 2-methyltetrols and 
IEPOX-derived organosulfates by factors of 7.5 and 9.1, respectively. simpleGAMMA calculates 
Henry’s Law gas-aqueous equilibration at each time step and decouples the subsequent aqueous-
phase chemistry of IEPOX from dissolution (McNeill et al., 2012). In this study, we assumed an 
effective Henry’s law constant, H*, of 3 × 107 M atm-1 for IEPOX, following the recent 
laboratory measurements of Nguyen et al. (2014), whereas previous studies assumed values 
which ranged one order of magnitude higher (1.3 × 108 M atm-1 (Eddingsaas et al., 2010)) or 
lower (2.7 × 106 M atm-1 (Pye et al., 2013)). Replacing the H* with that of Pye et al. (2013), the 
model underestimated the 2-methyltetrols and IEPOX-derived organosulfates by factors of 2 and 
1.3, respectively. Decreasing the H* by one order of magnitude yielded a factor of ~10 decrease 
in the in predicted IEPOX SOA tracers mass, which is consistent with Pye et al. (2013) 
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observation in sensitivity studies that a factor of 7 increase in H* yielded a factor of ~5 increase 
in predicted IEPOX SOA yield. Similarly, summed masses of the modeled SOA tracers (Fig. 
4.7) yielded a ~1.6-fold (r2 = 0.42) overestimate of the IEPOX-OA factor, whereas summed 
SOA tracers modeled by assuming H* of one order of magnitude yielded an 8-fold underestimate 
of the IEPOX-OA factor by (r2 = 0.33).  
Table 4.3. Correlation (r2) of modeled SOA tracers with measurements 
H* (M atm-1) 2-methyltetrols IEPOX organosulfates 
r2 Slope r2 Slope 
3.0 × 107 a 0.34 7.46 ± 0.76 0.44 9.13 ± 0.76 
2.7 × 106 b 0.28 0.52 ± 0.05 0.38 0.76 ± 0.06 
References: (a) Nguyen et al. (2014) and (b) Pye et al. (2013) 
 
In addition to H* parameter, several other factors may also contribute to the inaccuracy 
of tracers estimation by simpleGAMMA and consequent weakening of the correlation with field 
data. The box model simulations took locally measured IEPOX and aerosol parameters as inputs, 
and simulated 12 hours of reactive processing, rather than simulating uptake, reaction, and 
transport along a trajectory initiating in the valley. Additionally, C5-alkene triols, the third largest 
contributor to the IEPOX-derived SOA tracers, and oligomeric HULIS are not included in the 
simpleGAMMA model estimation. Neglect of the C5-alkene triols, oligomers as well as yet 
unknown IEPOX-derived SOA formation pathways by this model could contribute to inaccuracy 
in estimation of the mass contribution of 2-methyltetrols and IEPOX-derived organosulfates to 
the total amount of IEPOX-derived SOA tracers and reduce the correlation. Finally, oxidative 
aging of IEPOX SOA tracers is not included in simpleGAMMA at this time due to current lack 
of availability of kinetic and mechanistic data. 
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Figure 4.7. Correlation of summed IEPOX-derived SOA tracers estimated by simpleGAMMA 
by assumming H* of (a) 3.0 × 107 (Nguyen et al., 2014) and (b) 2.7 × 106 (Pye et al., 2013) and 
IEPOX-OA factor from PMF analysis.  
     
4.5 Conclusions 
Offline chemical analysis of PM2.5 samples collected from LRK, TN, during the 2013 
SOAS campaign show a substantial contribution by IEPOX-derived SOA tracers to the total OA 
mass (~10% on average, up to 27%). A larger contribution (33%) to total OA mass is estimated 
by PMF analysis of the real-time ACSM OA mass spectrometric data. Overall, the importance of 
IEPOX heterogeneous chemistry in this region is clearly demonstrable. No association was 
observed between the gas-phase constituents SO2, NO and NO2 and the IEPOX-derived SOA 
tracers or the IEPOX-OA factor suggesting that IEPOX-derived SOA formed upwind or distant 
from the sampling site. Moderate association between NOy and MAE-derived SOA tracers was 
observed, consistent with the proposed involvement of oxidizing nitrogen compounds in MAE-
derived SOA formation (Lin et al. 2013). Particle-phase sulfate is fairly correlated (r2 ~0.3) with 
both MAE- and IEPOX-derived SOA tracers, and more strongly correlated (r2 ~0.6) with the 
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IEPOX-OA factor, in sum suggesting that sulfate plays an important role in isoprene SOA 
formation. However, this association requires further analysis, in light of the proposed formation 
of IEPOX-derived SOA during transport to LRK from an upwind or down-slope origin. Several 
explanations may be proposed for the lack of a strong association between isoprene-derived SOA 
mass and particle acidity: 1) isoprene-derived SOA is formed primarily upwind of LRK, and thus 
no strong correlation exists between SOA mass and local aerosol acidity; 2) determination of 
particle acidity is challenging because of changes in particle composition and characteristics 
during reactive uptake and 3) several key inter-related variables (LWC, aerosol surface area and 
aerosol acidity) control SOA yield and thus the correlation of aerosol acidity and SOA yield will 
be difficult to deconvolute from complex field data until modeling can better constrain these 
effects. Consistent with the suggestion that IEPOX-derived SOA forms during transport from 
distant locations, air mass back-trajectory indicated that westerly flow from potential sources of 
oxidation products where biogenic and anthropogenic emissions can mix, are likely related to 
episodes of high levels of IEPOX-derived SOA measured at LRK. In contrast, when air masses 
originated mainly from forested and rural areas to the south and southeast of the site, high levels 
of IEPOX-derived SOA mass were not observed. Moderate agreement between SOA model 
outputs and field measurements indicates that gaps remain in our knowledge of isoprene-derived 
SOA formation. In particular, models must be expanded to include kinetics of IEPOX uptake and 
heterogeneous transformation to major IEPOX-derived SOA constituents (C5-alkene triols, 
organosulfates and oligomers) that are currently not considered. Additional uncertainty arises 
from the possibility that important products of IEPOX heterogeneous chemistry are not yet 
characterized, and thus remain to be included in models. Notwithstanding, initial modeling 
results allow critical insight into how more explicit treatment of the reactions between 
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anthropogenic pollutants and isoprene oxidation products may be incorporated into models of 
SOA formation. Importantly, by inclusion of explicit IEPOX- and MAE-derived SOA formation 
pathways in a model, Pye et al. (2013) recently demonstrated that by lowering SOx emissions in 
the eastern U.S. by 25% could lower IEPOX- and MAE-derived SOA formation 35 to 40%.. 
Future studies should attempt to improve model predictions of IEPOX-derived SOA formation 
and systematically examine effects of implementing stricter SOx controls in this region. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 
It has been demonstrated here that the ACSM instrument is capable of stable and 
reproducible operation over extended measurement periods. Organic and inorganic constituents 
of ambient fine aerosol measured by two collocated ACSM were strongly correlated (r2 > 0.8). 
Comparison of the same species between the ACSM and the established air quality monitoring 
instruments showed a good correlation as well (r2 > 0.7). Seasonal variability of fine aerosol 
constituents mass was observed. This variability affected intercomparison between instruments 
that might due to differences in limits of detection. Furthermore, adjusting online/real-time 
particle measurements to that measured from filters collected at SEARCH network sites 
introduced additional bias to the measurements due to evaporative losses of semi-volatile species 
from the filters. In addition to the routine calibrations using gaseous compounds, the existing air 
quality network should consider calibrating the collocated particle measurements with standard 
aerosol. From the latter, actual particle-specific constituent calibration factors can be applied on 
the data. In terms of ACSM performance, some remaining issues that need to be addressed are: 
(1) evaluation of the RIE values for organics and (2) interference of the nitrated-organic species 
to inorganic nitrate signal.  
Source apportionment of OA in Atlanta, GA, during summer yielded four sources, 
namely HOA, SV-OOA, LV-OOA, and IEPOX-OA factors. The HOA factor was related to 
primary emissions (e.g., CO and NOx) and was expected from the urban fine aerosols derived 
from anthropogenic activities. The SV-OOA and LV-OOA factors are the oxidized OA that are 
 93 
likely derived from atmospheric processing of local primary emissions and/or transported from 
surrounding areas. The IEPOX-OA factor was found to be well correlated (r2 ~0.6) with IEPOX-
derived SOA tracers, and thus, was directly attributed to from the heterogeneous chemistry of 
IEPOX. Even though isoprene oxidation under low-NO conditions is currently thought to explain 
most of the gaseous IEPOX formation (Paulot et al., 2009), it should be noted that IEPOX was 
recently produced from the further OH-initiated oxidation of isoprene hydroxynitrates (Jacobs et 
al., 2014). Hydroxynitrates, which are first-generation oxidation products of isoprene, would be 
expected to form in urban areas containing elevated levels of NOx.  The IEPOX-OA factor 
substantially contributed to the total measured OA (33% on average). Moderate correlations of 
this factor with aerosol acidity (r2 = 0.3) and sulfate (r2 ~0.5) indicate the likely role of these two 
parameters on the IEPOX-OA factor formation, which is consistent with recent laboratory 
studies  (Surratt et al., 2010, Lin et al., 2012, Lin et al., 2014).   
Extensive field measurements at the rural site at Look Rock site located at the Great 
Smoky Mountains National Park, TN also demonstrated significant contributions of IEPOX-
derived SOA to the total OA mass. Tracer analysis showed that IEPOX-derived SOA contributed 
up to 27% of the total OA. Real-time OA characterization yielded the previously identified 
IEPOX-OA factor to have 33% of mass contribution to the total OA. Good association between 
the IEPOX-OA factor and sulfate (r2 ~0.6) is consistent with the finding from the urban Atlanta 
site, and thus, provide more evidence of the role of sulfate in isoprene-derived SOA formation. 
The lack of associations between the isoprene-derived SOA tracers and acidity (r2 ~0.3) indicate 
that (1) the SOA are formed upwind from the site, (2) challenge remains in characterizing 
aerosol acidity from available measurements, and (3) inter-relationship between aerosol physical 
and chemical properties (i.e., aerosol surface area, water content, and acidity) in SOA formation 
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is complex and could not be resolved by measurements only. IEPOX-derived SOA tracers 
masses estimated from a box model showed moderate agreements with those from the 
measurements. The box model was derived from heterogeneous chemistry of IEPOX which 
include aerosol parameters, such as surface area, acidity, nucleophiles (i.e., sulfate and bisulfate), 
and water. Therefore, this initial model result shows that the more explicit models could be used 
to further evaluate the effects of anthropogenic pollution on isoprene-derived SOA formation. 
The remarkable consistency of IEPOX-OA factor contribution in urban and rural areas in 
the southeastern U.S. uncover the important role of heterogeneous chemistry of IEPOX in this 
region. Yearlong fine aerosol measurements at urban JST site and the rural LRK site 
demonstrated that OA is a dominant component throughout the year (Fig. 5.1). Furthermore, OA 
source apportionment indicates that IEPOX-OA factor from heterogeneous chemistry of IEPOX 
is the dominant biogenic SOA in this region and largely contributed to the total OA mass. 
Seasonal variations of the OA factors suggest that the biogenically-influenced factors (i.e., 
IEPOX-OA and 91Fac) are high in warmer periods, indicating the importance of meteorology, 
intense solar radiation, and coverage of broad-leaf trees (Fig. 5.2).  
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Figure 5.1 Fine aerosol chemical speciation over one year of measurements at JST (top panel) 
and LRK (bottom panel) sites.  
 
 
Figure 5.2 OA chemical characterization over one year at JST (top panel) and LRK (bottom 
panel) sites.  
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Future work is needed to carefully examine the additional biogenic OA sources (91Fac) 
that were observed from the rural site, as well as carefully evaluating other OA sources from the 
urban site. Seasonal variability of fine aerosol constituents as well as OA sources at the urban 
site will be examined. Evaluation of seasonal variation of OA sources from both urban and rural 
sites will have implications in deriving policy with regards to anthropogenic emissions. Lastly, 
the SOA box model will be improved to better constrain the influential parameters, such as the 
Henry’s law constant, liquid water content, and the aqueous-phase rate constants for other 
products not currently included in the explicit box model.  
In summary, results from source apportionment of atmospheric OA will be useful for 
future epidemiological studies to determine health risks of chronic exposures to air pollution in 
the mixed urban and forested areas. This research could help in developing policy and regulation 
for mitigating air pollution in the southeastern U.S.   
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR “INTERCOMPARISON OF 
AN AEROSOL CHEMICAL SPECIATION MONITOR (ACSM) WITH AMBIENT FINE 
AEROSOL MEASUREMENTS IN DOWNTOWN ATLANTA, GEORGIA”  
 
ACSM Data Analysis 
The ACSM has non-unit collection efficiency (CE) for sampled particles due to (i) 
transmission losses in the aerodynamic lenses, (ii) broadening of the particle beam; and (iii) 
particle bounce losses during impaction on the vaporizer (Huffman et al., 2005). These CE 
constraints are identical for both the ACSM and AMS instruments.  Previous measurements have 
shown that an AMS CE of 0.5 reproduces ambient species mass concentrations to within 25% or 
better of measurements of collocated instruments (Canagaratna et al., 2007) and within 81-90% 
of fine aerosol volume or PILS measurements (Middlebrook et al., 2012). A composition 
dependent CE parameterization account for higher CEs that are observed when the sampled 
ambient aerosol is acidic, has a high nitrate content, or is sampled under very humid conditions 
(Middlebrook et al., 2012).  In this manuscript we use CE of 0.5 that was examined against 
composition dependent collection efficiency (CEestimate) based on Middlebrook et al. (2012) 
parameterizations as follows:  
a) Effect of high aerosol acidity: 𝑁𝐻!!!"#$%&"'𝑁𝐻!!!"#$%&'#$ = 𝑁𝐻! 18𝑆𝑂! 96 ×2+ 𝑁𝑂! 62 + 𝐶𝑙 35.5  𝐶𝐸!"#,!"#$#" = 1.0− 0.73× 𝑁𝐻!!!"#$ 𝑁𝐻!!!"#$%&'  𝐶𝐸!"# = 𝑚𝑎𝑥 0.5,𝐶𝐸!"#,!"#$#"  
b) Effect of high ammonium nitrate fraction (ANMF): 
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𝐴𝑁𝑀𝐹 = 80 62 ×𝑁𝑂!𝑁𝐻! + 𝑆𝑂! + 𝑁𝑂! + 𝐶𝑙 + 𝑂𝑟𝑔  𝐶𝐸!"#,!"#$ = 0.0833+ 0.9167×𝐴𝑁𝑀𝐹 𝐶𝐸!"# = 𝑚𝑎𝑥 0.5,𝐶𝐸!"#,!"#$  
Observation of summer 2011 dataset suggests that only a few sporadic events were 
influenced by high aerosol acidity (Figure A1) which are attributed to low ammonium loadings. 
In addition, in fall 2011 where nitrate concentration was enhanced compared to summer 
measurements, suggests that CE was not affected by high ammonium nitrate fraction (Figure 
A2). Therefore, CE of 0.5 was used in analysis of all species for all dataset.  
 
 
Figure A1. (a) CEdry against NH4+meas/NH4+predict color coded by concentration of ammonium, 
and (b) relationship between ammonium loading and CEdry in the summer 2011.  
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Figure A2. CE estimation based on nitrate loading during fall 2011.  
Maintenance issues included periods of complete instrument shutdown for calibration and 
start-up following calibration. During such start-up periods, vaporizer temperature, naphthalene 
signal, which serves as internal calibration, and airbeam signal showed instability, indicating that 
the ACSM was adjusting to operating conditions. An irregular naphthalene signal during 
continuous operation was also indicative of a problem, probably temporary clogging of the 1-µm 
pinhole of the naphthalene bath. Another operational issue encountered was a temporary 
disturbance in the electronic baseline (i.e., electronic zero value). Shifts in the electronic baseline 
might have occurred when there were short power outages at the JST site. Any of the described 
above were immediately reflected on the diagnostic panel, allowing precise determination of the 
sampling periods to be excluded from the data analysis.    
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JST Site Measurements 
 Integrated particle measurements 
Integrated PM2.5 sampling and analysis are listed in Table 2.3 and described briefly 
below. 24-h integrated PM2.5 samples were collected using particle composition monitor (PCM) 
built by ARA that was specifically designed to minimize and/or account for potential artefacts 
and reactive gas interferences (Edgerton et al., 2005). PCM is a multichannel, sequential filter-
based sampler that each consists of a teflon-coated cyclone (URG) with 10-mm cut size as the 
inlet, one or more denuder to remove gas interferences, Well Impactor Ninety-Six (WINS) with 
cut size of 2.5-mm, and filter media. Flow through each PCM’s channel was maintained at 16.7 
L min-1 using mass flow controllers (MFCs). There were three PCM channels that were sampling 
simultaneously. PCM1 channel was used for routine quantification of PM2.5 mass, major ions, 
volatile nitrate (NO3-), volatile ammonium (NH4+), and trace elements. Series of denuders used 
in PCM1 channel were sodium bicarbonate (NaHCO3) followed by citric acid (C6H6O7) that 
remove HNO3, SO2, and NH3. Filter media used in PCM1 are three stacks of filters comprising 
of a 47-mm diameter Teflon filter, 47-mm diameter Nylon filter, and lastly 47-mm diameter 
C6H6O7-coated cellulose filter. PCM2 channel was used to quantify sulfate (SO42-), total NO3-, 
and NH4+ but was discontinued in 2000 due to measurement redundancy to that of PCM1 
channel. PCM3 channel was used for quantification of organic carbon (OC) and black carbon 
(BC). A 100-mm long by 30-mm ID carbon honeycomb denuder (MAST Carbon, Ltd., 
Guildford, U.K.) was used to remove semi-volatile gaseous organics in PCM3. Filter media used 
for PCM3 channel were two pre-baked 37-mm diameter quartz filters stacked together. OC on 
the back filter was considered as volatilization loss from OC on the front filter, therefore, the 
resulting value represent a lower limit for the actual OC concentrations. 
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Component mass loading from each filter was corrected by blank filter using SEARCH 
network-wide average loadings from field blanks, then the corrected loading was normalized by 
sampling volume (Edgerton et al., 2005). Blank correction had been shown to significantly 
influence the overall mass and OC loadings. Moreover, species that were at or below instrument 
detection limits, such as non-volatile NO3-, black carbon (BC), and major metal oxides, were 
found to have poor precisions for overall SEARCH measurements (Edgerton et al., 2005).  
Mass is determined using best estimate (BE) method that attempts to calculate particle 
compositions based on their actual loading in the atmosphere. PM2.5 mass is calculated from 
blank-corrected mass from FRM, PCM1 or TEOM and adding volatile NO3- from PCM1 Nylon, 
volatile NH4+, and volatile OM from PCM back filter. NO3- is calculated as total NO3- from 
PCM1 Teflon filter + PCM1 Nylon filter. SO42- calculation for BE method is identical to FRM 
method. NH4+ is calculated as total NH4+ that includes non-volatile NH4+ from PCM1 Teflon and 
volatile NH4+ that is estimated as 0.29 times the volatile NO3-. OC is calculated as the sum of 
front and back filters from PCM3. Since the back filter is assumed as volatilization product of 
the front filter and only 10% of them are analyzed, it is estimated as a quarterly ratio of OC from 
the back filter to OC from the front filter. These result in a formula for OC: 
𝑂𝐶 = 𝑂𝐶!"#$% 1+ 𝑅!          (1) 𝑂𝑀 = 𝑂𝐶×1.8          (2) 
where Rq is the estimated average ratio of volatile OC for quarter q. Particle compositions 
resulted from BE method estimation are used in this study as it represents the actual atmospheric 
loadings. 
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Continuous particle measurements 
Details of continuous PM2.5 sampling and analysis are provided in Edgerton et al. (2006) 
and listed in Table 2.3. Briefly, PM2.5 mass is measured continuously using an R & P Model 
1400 a/b TEOM operated at 30 °C to reduce losses of semivolatile compounds and main flow of 
3 L min-1. Sample air is pulled through PM10 inlet followed by PM2.5 cyclone and goes inside the 
trailer where a multitube Nafion drier (Perma Pure) is installed to dry the sample.  
SO42- is measured continuously using a modified Harvard School of Public Health 
(HSPH). The method utilizes a stainless steel tube (300-mm section of 316 stainless steel) heated 
to >850 °C in a Lindberg/Blue M horizontal tube furnace to reduce particulate sulfate to gaseous 
sulfur dioxide (SO2) that is detected by a Thermo-Environmental Instrument (TEI) Model 43s or 
43ctl high-sensitivity, pulsed ultraviolet fluorescence SO2 analyzer. Sample air is drawn through 
PM2.5 cyclone (BGI) followed by two 30 mm of outer diameter (OD), 254 mm long sodium 
carbonate and citric acid coated annular denuders (URG) and a 30 mmOD, 100 mm long 
activated carbon honeycomb denuder (Novacarb, Mast Carbon, Ltd.) that remove SO2, reduced 
sulfur gases, nitrogen oxides (NOx) and volatile organic compounds (VOCs). Baseline of the 
analyzer is zeroed very 90 min by diverting sample air through an inline filter upstream the 
heated tube for 10 min to correct baseline drift.  
NH4+ and NO3- were measured using a three-channel continuous differencing approached 
developed by ARA (Edgerton et al., 2006). Sample air is coming from the same inlet and 
denuders system as SO42- and the denuded sample is divided into three analytical channels. 
Channel 1 (CH1) provides instrument dark current and residual gas-phase NOy that represents 
baseline signal that will be used for the downstream analyzer. Channel 2 (CH2) produces 
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baseline NOy signal and NO signal converted from particulate nitrogen species assuming nitrate 
is the only species in the signal. Channel 3 (CH3) oxidizes NH4+ to NO and NO2, and reduces 
NO3-, NO2, and residual NOy to NO. TEI Model 42s or 42ctl NO-nitrogen oxide (NOx) analyzer 
is installed downstream of the three-channel converters to measure NO from each converter by 
NO-ozone chemiluminescence method. Ammonium and nitrate are then determined as CH3-
CH2 and CH2-CH1, respectively. A caveat of this approach is other particulate nitrogen 
compounds can be measured as ammonium and nitrate species as long as they are convertible to 
NO (Edgerton et al., 2006).  
Total carbon (TC) is measured using the Sunset OC/EC analyzer. Sample air is drawn 
through a PM10 inlet at flow rate of 16.7 L min-1 followed by a PM2.5 cyclone. Aerosol is first 
collected on one of two metal plate impactors with cut size of 0.14 mm aerodynamic diameter 
for 60-min period, and then sample is diverted to the second impactor while the first impactor is 
heated. Particulate carbon is converted to CO2 through two temperature plateaus, i.e., 275 °C and 
750 °C, and then detected by non-dispersive infrared absorption (NDIR). The instrument in 
calibrated using CO2 in zero air and is zeroed with CO2-free air (<5 ppm). TC is defined as the 
net carbon produced at the last temperature plateau (750 °C).  
Component mass concentrations from the continuous analyzers were then adjusted to 
match the filter-based data since the continuous analyzers had been shown to drift over time. The 
resulting filter-adjusted continuous data had been shown to agree within 1:1 line with the filter-
based measurements (Edgerton et al., 2006). With respect to carbon measurements, OC is 
calculated as the difference between filter-adjusted TC and filter-adjusted EC, and OM is 
estimated according to Eq. 2.   
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Results of ACSM and collocated measurements at JST site 
 
Table A1. Chemical characteristics of ambient aerosol mass and constituents at the JST site 
measured by JST site instruments presented as average concentration ± 1 standard deviation in 
µg m-3. 
Methods  Mass  OC SO42-  NO3-  NH4+  Cl- EC 
UNC ACSM        
Summer 2011 16.82 ± 6.95 11.57 ± 5.15 3.20 ± 1.79 0.61 ± 0.33 1.42 ± 0.57 0.02 ± 0.03 - 
Fall 2011 13.70 ± 10.02 10.20 ± 8.87 1.42 ± 1.04 1.16 ± 0.90 0.89 ± 0.50 0.04 ± 0.25 - 
JST Continuousa        
Summer 2011 13.67 ± 5.09 3.89 ± 1.14 3.78 ± 1.74 0.26 ± 0.18 1.34 ± 0.49 - 0.79 ± 0.50 
Fall 2011 9.11 ± 5.58 3.34 ± 2.38 1.59 ± 1.27 0.67 ± 0.54 0.69 ± 0.34 - 0.99 ± 1.07 
JST Filtera        
Summer 2011 13.23 ± 5.21 3.78 ± 1.17 3.65 ± 1.34 0.25 ± 0.05 1.25 ± 0.47 0.03 ± 0.01 0.74 ± 0.29 
Fall 2011 9.85 ± 4.40 3.86 ± 1.55 1.57 ± 0.74 0.48 ± 0.36 0.68 ± 0.30 0.05 ± 0.05 0.98 ± 0.78 
a JST measures PM2.5 mass and chemical constituents. 
 
Table A2. Ambient aerosol mass concentrations measured by the integrated FRM methods 
presented in average concentration ± 1 standard deviation. 
 
FRM Filters UNC ACSM 
PM1 (µg m-3) PM2.5 (µg m-3) NR-PM1 (µg m
-3) 
Winter 2011 8.08 ± 3.44 9.10 ± 3.85 13.74 ± 6.29 
Spring 2012 8.58 ± 2.67 9.71 ± 3.01 6.13 ± 2.01 
Summer 2012 8.71 ± 2.65  10.38 ± 3.02 9.24 ± 3.08 
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Figure A3. Pie charts of speciated aerosol measurements from the ACSM and JST. Pie charts in 
sharp colors are the ACSM, while the blur colors indicate other measurement techniques. 
Organic fraction of filter-adjusted continuous data was calculated from OC measurement 
multiplied by 1.8, which is ratio of OM/OC. For the 24-h filter-based data, it was calculated from 
OC measurement multiplied by 1.8 and correction values (SAF), that are 1.13 and 1.07 for 
periods of July–September and October–December, respectively. ACSM measures PM1 while 
JST measures PM2.5. Average PM2.5 mass for 24-h filter based measurement was calculated from 
five species (i.e., OM, NH4+, SO42-, NO3-, and Cl-), hence it excluded contribution from other 
anions such as Na+, Mg+, K+, and Ca+. Calculation of average PM2.5 mass for continuous 
measurement did not include chloride and other anions as they are not available.  
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Figure A4. (a) Orthogonal linear regression correlation and (b) time series plots of organic and 
inorganic constituents measured by the UNC ACSM and collocated measurements at JST site 
during summer 2011.   
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Figure A5. (a) Orthogonal linear regression correlation and (b) time series plots of organic and 
inorganic constituents measured by the UNC ACSM and collocated measurements at JST site 
during fall 2011.  
 
60
40
20
0
A
C
S
M
 N
R
-P
M
1+
E
C
 (µ
g 
m
-3
)
40200
TEOM PM2.5 (µg m
-3)
3.0
2.0
1.0
0.0
A
C
S
M
 N
H
4+
 (µ
g 
m
-3
)
2.01.00.0
JST NH4
+ (µg m-3)
6
4
2
0A
C
S
M
 N
O
3-
 (µ
g 
m
-3
)
43210
JST NO3
- (µg m-3)
8
6
4
2
0
A
C
S
M
 S
O
42
-  (
µg
 m
-3
)
150
JST SO4
2- (µg m-3)
50
40
30
20
10
0A
C
S
M
 O
M
 (µ
g 
m
-3
)
100
Sunset OC (µgC m-3)
60
40
20
0
10/21/2011 11/10/2011 11/30/2011 12/20/2011
Date and Time (Local)
40
30
20
10
0
P
M
2.5  (µg m
-3)
6
4
2
0
3.0
2.0
1.0
0.0
A
C
S
M
 M
as
s 
C
on
ce
nt
ra
tio
n 
(µ
g 
m
-3
)
6
4
2
0
15
10
5
0
16
12
8
4
0
O
C
 (µg m
-3)
50
40
30
20
10
0
ACSM OM Sunset OC
ACSM SO4
2- JST SO42-
ACSM NO3
- JST NO3-
ACSM NH4
+ JST NH4+
ACSM Cl-
ACSM NR-PM1+EC TEOM PM2.5
(a) (b)r2=0.83
f(x)=(-0.54±0.03)
      +(1.44±0.02)x
r
2
=0.06
f(x)=(1.01±0.03)
      +(0.13±0.01)x
r
2
=0.93
f(x)=(-2.99±0.09)
      +(3.85±0.02)x
r
2
=0.81
f(x)=(0.08±0.02)
      +(1.77±0.02)x
r
2
=0.76
f(x)=(-0.16±0.01)
      +(1.51±0.02)x
r
2
=0.83
f(x)=(-4.36±0.20)
      +(2.10±0.02)x
 108 
 
 
Figure A6. Time series plots with 30% of uncertainty of organic (OM vs. OC), inorganics 
constituents (SO42-, NO3-, NH4+, and Cl-), and mass concentrations measured by the UNC ACSM 
and the JST 24-h filter measurement during summer period. 
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Figure A7.  Time series plots with 30% of uncertainty of organic (OM vs. OC), inorganics 
constituents (SO42-, NO3-, NH4+, and Cl-), and mass concentrations measured by the UNC ACSM 
and the JST 24-h filter measurement during fall period.  
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Sulfate investigation 
Figure A8. Comparison of NH4 measured and predicted (neutralized) during (a) summer, and 
(b) fall 2011. 
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Figure A9. ACSM SO4 fragmentation during weak correlation period in fall 2011 (a) which 
likely due to organic interferences (hydrocarbon-like organic aerosol/HOA) to m/z 81 (b). 
 
Influence of organic nitrate component to ACSM NO3- signal 
Discrepancies in the ACSM NO3- and the continuous measurements might also be 
attributable to the overall low concentrations of NO3- in summer where both measurements are 
near their detection limits. ACSM NO3- measurements are based on the measured m/z 30 and m/z 
46 ion signals. At low concentrations, small contributions to the m/z 30 signal can also originate 
from organic nitrates (NO+), oxygenated organics (CH2O+), and/or organic-nitrate compounds 
(CH4N+) that are not precisely accounted for. This m/z 30 interference can result in higher 
reported values for inorganic nitrate (as measured from NO+ (m/z 30) and NO2+ (m/z 46)) 
(Marcolli et al., 2006, Bae et al., 2007). Contribution of sum of organic and inorganic nitrate can 
be significant to total secondary organic aerosol (SOA), although, Rastogi et al. (2011) suggested 
that contribution of water soluble nitrogenous organic compounds is not significant during 
summer in the southeastern U.S.  
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To investigate aerosol acidity influence to NO3- measurement, time series traces of 
ACSM NO3- colour coded by degree of neutralization calculated according to Zhang et al. 
(2007), and JST NO3- measured in summer and fall are presented in Figures S10a and S11a, 
respectively. Most of the time, the aerosol is slightly acidic (ratio of NH4+ to SO42- + NO3- + Cl- 
< 1), suggesting that nitrate concentration in ambient acidic aerosol is usually low due to HNO3 
displacement by H2SO4  (Zhang et al., 2005c). The linear correlations of m/z 30 and 46 from the 
ACSM NO3- with JST NO3- are moderate in summer (r2 = 0.5), but they are stronger in fall (r2 ≥ 
0.6) (Figures S10b and S11b). Interestingly, while linear regression slope of m/z 30 versus JST 
NO3- was decreasing from summer to fall (1.58 to 1.31), slopes of m/z 46 were relatively 
constant between these two seasons (0.36 to 0.34). These may suggest that the m/z 30 ion 
measured by the ACSM is likely being influenced by fragments other than NO3- compared to 
that of m/z 46.  
 
Figure A10. (a) Time series traces of the ACSM nitrate color coded by degree of neutralization 
and JST nitrate (black line), and (b) correlation scatterplot between the ACSM nitrate ion tracers, 
i.e., m/z 30 and 46, and JST nitrate for summer 2011 period. 
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Figure A11. (a) Time series traces of the ACSM nitrate color coded by degree of neutralization 
and JST nitrate (black line), and (b) correlation scatterplot between the ACSM nitrate ion tracers, 
i.e., m/z 30 and 46, and JST nitrate for fall 2011 period. 
 
In order to investigate the influence of organic or oxygenated organic species to m/z 30, 
time series traces of excess of m/z 30 signal (Δm/z 30) calculated by formula provided in Bae et 
al. (2007) in the summer and fall are presented in Figures A12 and A13, respectively. The Δm/z 
30, which is suggested to be derived from organic-related or organic nitrate-related m/z 30 (Bae 
et al., 2007), has positive values most of time, but the signal is lower in summer (Figure A12a) 
than in fall (Figure A13a). Scatterplots of Δm/z 30 and HOA factors (Figures A12b and A13b) 
derived from positive matrix factorization (PMF) (Budisulistiorini et al., 2013) show weak or no 
correlations (r2 < 0.2), but they are better for correlations with OOA factor (Figures A12c and 
A13c). The moderate correlation of Δm/z 30 with OOA factor (r2 = 0.5) in the fall might indicate 
that the m/z 30 signals measured by the ACSM are influenced by oxygenated organic species. 
However, care must be taken for the correlations of Δm/z 30 and OOA as the plots suggest that 
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variances are not constant throughout data distributions (heteroscedastic). This resulted in biased 
standard error leading to bias in statistics and confidence intervals. 
 
 
Figure A12. (a) Time series traces of  the ACSM nitrate color coded by ratio of JST nitrate to 
ACSM nitrate, and correlation scatterplot between estimated m/z 30 signal excess attributed to 
organic-linked (Δm/z 30 mass) and (b) HOA and (c) OOA (= LV-OOA + SV-OOA + IEPOX-
OA) factors from PMF analysis for summer 2011 period. 
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Figure A13. (a) Time series traces of  the ACSM nitrate color coded by ratio of JST nitrate to 
ACSM nitrate, and correlation scatterplot between estimated m/z 30 signal excess attributed to 
organic-linked (Δm/z 30 mass) and (b) HOA and (c) OOA (= LV-OOA + SV-OOA) factors from 
PMF analysis for fall 2011 period. 
 
On Figure A12 (b and c), Δm/z 30 is compared with HOA and OOA factor, respectively, 
which are resolved from organic fraction using PMF. Thus, we can expect to see similar 
distribution from comparison with organic mass loading, as illustrated in Figure A14. The 
correlation between Δm/z 30 and organic mass loading is moderate which suggest that there 
might be some interference of organic on Δm/z 30 fragment of nitrate. Since their distribution is 
heteroscedastic, which make the confidence interval invalid, relationship between the Δm/z 30 
and total organic matter should be interpreted more carefully.  
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Figure A14. Comparison of Δm/z 30 with organic mass loading during summer 2011.   
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR “REAL-TIME 
CONTINUOUS CHARACTERIZATION OF SECONDARY ORGANIC AEROSOL 
DERIVED FROM ISOPRENE EPOXYDIOL IN DOWNTOWN ATLANTA, GEORGIA, 
USING THE AERODYNE AEROSOL CHEMICAL SPECIATION MONITOR” 
 
ACSM Data Analysis 
The ACSM has non-unit collection efficiency (CE) for sampled particles due to (i) 
transmission losses in the aerodynamic lens, (ii) broadening of the particle beam; and (iii) 
particle bounce losses during impaction on the vaporizer.(Huffman et al., 2005) These CE 
constraints are identical for both the ACSM and AMS instruments. Previous measurements have 
shown that an AMS CE of 0.5 reproduces ambient species mass concentrations to within 25% or 
better of measurements of collocated instruments (Canagaratna et al., 2007) and within 81-90% 
of fine aerosol volume of PILS measurements (Middlebrook et al., 2012). A composition 
dependent CE parameterization has been derived by Middlebrook et al. to account for higher 
CEs that are observed when the sampled ambient aerosol is acidic, has a high nitrate content, or 
is sampled under very humid conditions (Middlebrook et al., 2012). In this manuscript we use 
CE of 0.5 that was examined against composition dependent collection efficiency (CEestimate) 
based on Middlebrook et al. (2012) parameterizations as follows:  
c) Effect of high aerosol acidity: 𝑁𝐻!!!"#$%&"'𝑁𝐻!!!"#$%&'#$ = 𝑁𝐻! 18𝑆𝑂! 96 ×2+ 𝑁𝑂! 62 + 𝐶𝑙 35.5  𝐶𝐸!"#,!"#$#" = 1.0− 0.73× 𝑁𝐻!!!"#$ 𝑁𝐻!!!"#$%&'  𝐶𝐸!"# = 𝑚𝑎𝑥 0.5,𝐶𝐸!"#,!"#$#"  
d) Effect of high ammonium nitrate fraction (ANMF): 
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𝐴𝑁𝑀𝐹 = 80 62 ×𝑁𝑂!𝑁𝐻! + 𝑆𝑂! + 𝑁𝑂! + 𝐶𝑙 + 𝑂𝑟𝑔  𝐶𝐸!"#,!"#$ = 0.0833+ 0.9167×𝐴𝑁𝑀𝐹 𝐶𝐸!"# = 𝑚𝑎𝑥 0.5,𝐶𝐸!"#,!"#$  
Observation of summer 2011 dataset suggests that only a few sporadic events were 
influenced by high aerosol acidity (Figure B1) which are attributed to low ammonium loadings. 
In addition, observation of fall 2011 when nitrate concentration was enhanced compared to 
summer measurements, suggests that CE was not affected by high ammonium nitrate fraction 
(Figure B2). Therefore, CE of 0.5 was used in analysis of all species for both summer and fall 
2011 datasets.  
 
Figure B1. (a) CEdry against NH4+meas/NH4+predict color coded by concentration of ammonium, 
and (b) relationship between ammonium loading and CEdry in the summer 2011.  
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Figure B2. CE estimation based on nitrate loading during fall 2011.  
Maintenance issues included periods of complete instrument shutdown for calibration and 
start-up following calibration. During such start-up periods, vaporizer temperature, naphthalene 
signal, which serves as internal calibration, and airbeam signal showed instability, indicating that 
the ACSM was adjusting to operating conditions. An irregular naphthalene signal during 
continuous operation was also indicative of a problem, probably temporary clogging of the 1-µm 
pinhole of the naphthalene bath. Another operational issue encountered was a temporary 
disturbance in the electronic baseline (electronic zero value). Shifts in the electronic baseline 
might have occurred when there were short power outages at the JST site. Any of the described 
issues above were immediately reflected on the diagnostic panel, allowing precise determination 
of the sampling periods to be excluded from the data analysis.  
 120 
PMF Analysis of ACSM data 
For this study, PMF analyses were performed for three different time periods (i.e., 
summer, fall, and two-season datasets). For each analysis a range of factor solutions was 
explored with different seeds (i.e., SEED parameter varied from 0 to 100, in steps of 5). 
Rotational ambiguity of the solutions was explored by varying the FPEAK parameter from -0.5 
to 0.5, while keeping SEED = 0, since the SEED parameter did not highly influence component 
mass spectra and time series. PMF factor identification was conducted by comparing TS and MS 
of each factor with external gas and particle tracers from collocated measurements, reference 
mass spectra from the AMS mass spectra database, and from ACSM mass spectra collected from 
IEPOX-derived SOA collected on filters for the interpretation of possible sources. For each 
dataset, PMF analysis was performed for 1 to 8 factors and solutions are described in Table B1 
and Figure B4 – B6. 
For summer dataset, the three-factor solution contains large Q/Qexp contributions from 
m/z 43, 55, 57 and 82 indicating that these ions are not well fit with this solution. Increasing the 
solution to a four-factor solution significantly reduces Q/Qexp contributions from m/z 43 and 82 
and improves correlation of the factor solution to the external tracers. The five-factor solution 
only reduces Q/Qexp contributions of m/z 55 and does not significantly minimize the overall 
factor mass contribution or improve correlation of the factor solution with the external tracers 
(Figure B3d). Therefore, the four-factor FPEAK = -0.10 solution was chosen as the most 
reasonable and meaningful solution for summer dataset (Figure B4). A factor strongly correlated 
with primary emission (CO, EC, and NOx, r2 ~ 0.7), and comparing well with HOA reference 
mass spectra (r2 > 0.9), is identified as the HOA factor. A less-volatile and more oxidized factor 
is indicated by higher contribution of CO2+ (m/z 44) and lower ratio of m/z 43-to-m/z 44. This 
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factor shows moderate correlation with a more-oxidized tracer (r2SO42- = 0.20) and is well 
correlated (r2 > 0.8) with previously observed LV-OOA factor. A semi-volatile and less oxidized 
factor is indicated by a higher fraction of C2H3O+ or C3H7+ (m/z 43) and ratio of m/z 43-to-m/z 
44. This factor has weak correlation with less-oxidized tracers (i.e., NO3- and Ox,r2 ~0.1) and 
even weaker correlation with a more-oxidized tracer (r2SO42- = 0.02), but correlates well with SV-
OOA reference mass spectra (r2 > 0.7). One additional factor with a distinct mass spectrum and 
time trend was resolved from this dataset and is further discussed in the main text. Correlations 
of the four factor solution with external measurements and reference mass spectra are provided 
in Table B2. The possibility of multiple local minima in the PMF solutions of the summer 
dataset was explored with 100 seed parameter values in steps of 5. In all cases, Q/Qexpected values 
are similar, and the factor MS and time series is nearly identical. The uncertainty of the four 
factor FPEAK = -0.10 solution was examined by 100 bootstrapping runs, which reproduce all 
four factors (Figure B5). The MS of all IEPOX-OA, SV-OOA, and HOA show some uncertainty, 
which is nonetheless small compared to the general structure of the spectrum. The uncertainty of 
all factor TS are small. Therefore we conclude that the results are robust and the statistical 
uncertainties are small. 
PMF analysis of fall dataset shows that the two-factor solution contains large contribution 
to Q/Qexp from m/z 41, 43, 55 and 60. Increasing the factor to three significantly reduces 
contribution of m/z 41, 43, and 55. The four-factor solution yields further reduction in the Q/Qexp 
contributions of these m/z’s but the similarity of the individual factors increases (Figure B6d).  
Therefore, the three factor FPEAK = -0.20 solution was chosen as the most reasonable solution 
(Figure B7) and correlations of this solution with external measurements and reference MS are 
provided in Table B3. One of the factors is strongly correlated with primary emission (CO, EC, 
 122 
and NOx, r2 > 0.8) and its mass spectrum is strongly correlated with the MS of HOA factor from 
previous study (r > 0.9), thus this factor is identified as HOA factor. The second factor has a 
weak correlation with a less-oxidized tracer (NO3- and Ox, r2 ~ 0.1), but its mass spectrum is 
strongly correlated with SV-OOA factor from previous study (r2 > 0.7), hence this factor is 
identified as SV-OOA. The third factor’s time series has a weak correlation with a more-
oxidized tracer (r2SO42- = 0.17), but its mass spectrum is strongly correlated with LV-OOA 
reference mass spectra (r2 > 0.80), thus it is attributed as LV-OOA factor. The PMF solutions of 
fall 2011 were explored with 100 seed parameter values in step of 5. The results show that 
Q/Qexpected values are similar, with almost no difference in the TS and MS. The three-factor 
FPEAK = -0.20 uncertainty was assessed by 100 bootstrapping runs, which reproduce all three 
factors (Figure B8). These results show that the uncertainty in the MS and time trends of the 
three factors are small compared to the general factor profile and contribution, hence, we 
conclude that the results are robust and the statistical uncertainties are small. 
PMF analysis of two-season dataset shows that the two-factor solution contains large 
contribution to Q/Qexp from m/z 41, 43, 55 and 60. Increasing to three-factor solution is able to 
significantly reduce contribution of m/z 41, 43, and 55. Increasing to four-factor solution further 
reduces those m/z’s but the factor solution becomes more similar to each other (Figure B9d). 
Therefore, the three-factor FPEAK = 0 solution was chosen as the most reasonable solution 
(Figures B10-B11) and correlations of this solution with external measurements and reference 
MS are provided in Table B4. One of the factor is strongly correlated with primary emissions 
(CO, EC, and NOx, r2 > 0.8), thus this factor is identified as HOA factor. The second factor has a 
weak correlation with more-oxidized tracer (r2SO42- = 0.10) and its ratio of f43/f44 is high at 1.9, 
hence this factor is identified as SV-OOA. The third factor’s time series has a higher correlation 
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with a more-oxidized aerosol (r2SO42- = 0.46), compared to the less-oxidized aerosol, and its mass 
spectrum is strongly correlated with LV-OOA (r2 > 0.8), thus it is attributed as LV-OOA factor. 
The PMF solutions of combined season were explored with 100 seed parameter values in step of 
5. The results show that Q/Qexpected values are similar, and almost no difference in the factor TS 
and MS. The three factor FPEAK = 0 uncertainty was assessed by 100 bootstrapping runs, which 
reproduce all three factors (Figure B12). These results show that the uncertainty in the MS and 
time trends of the three factors are small compared to the general factor profile and contribution, 
hence, we conclude that the results are robust and the statistical uncertainties are small. 
The fourth factor retrieved from summer dataset could not be retrieved from the two-
season dataset. Increasing the solution of the two-season dataset to four-factor and FPEAK = -
0.20 produces an additional factor that appeared result from a splitting factor of the SV-OOA 
factor. Although this additional factor has some similarities to that from the summer, signal of 
m/z 82 is not as distinct. Moreover, the time series of the four factor solution are mixed with each 
other. This indicates that the observed variability in the ion trends due to the IEPOX-OA related 
factor does not result in a large enough Q contribution within the total Q matrix of the combined 
dataset to result in a clean splitting of the IEPOX factor. This problem might be approached by 
introducing a-priori source profile in the model fitting to determine relative source contribution 
of OA fractions, such that using multi-linear engine (ME-2) software. (Paatero, 1999, Paatero 
and Hopke, 2009)  
 
Table B1. Summary of PMF solutions obtained for summer and fall 2011 dataset.  
# Factors FPEAK SEED Q/Qexpected Solution Description 
Summer 2011 
1 0 0 1.7224 One-factor resulted in large residuals at some time 
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# Factors FPEAK SEED Q/Qexpected Solution Description 
periods and m/z’s. 
     
2 0 0 1.1736 Two-factor (HOA and OOA) is significantly reduced 
residuals. OOA factor time trends and mass spectrum 
seem to be a mixture of less- and more-oxidized OA.  
     
3 0 0 0.9360 Three-factor (HOA, SV-OOA, and LV-OOA) seems like 
an optimum solution, however mass spectrum of SV-
OOA factor shows a distinct peak of m/z 82, which is 
unusual for this factor.  
     
4 0 0 0.8624 Four-factor (HOA, SV-OOA, LV-OOA, and additional 
factor) shows splitting factor. The additional factor 
appears to share some similarities in time trend and mass 
spectrum to LV-OOA but with a distinct m/z 82. 
     
4 -0.5 to 
0.5 
0 0.8624-
0.8732 
In this range, factor MS and time series are changing 
suggesting possibility of optimum solution.  
     
4 -0.10 0 0.8627 Optimum number of factors (HOA, SV-OOA, LV-
OOA, and additional factor) and FPEAK. All four 
factors have distinctive time trends and mass spectra, 
and compare well with independent particle and/or 
gaseous measurements, and reference MS from 
database and/or experiment in this study.  
     
4 0 0-100 
in 
steps 
of 5 
0.8624 For four-factor, time trends and mass spectra are nearly 
identical at different starting points.  
     
5 to 8 0 0 0.8102-
0.6778 
Q/Qexp is reduced (Figure S4) but OOA factor is split into 
more factors that do not compare well with reference 
MS. 
 
Fall 2011 
1 0 0 3.6827 One-factor resulted in large residuals at some time 
periods and m/z’s. 
     
2 0 0 2.1144 Two-factor (HOA and OOA) resulted in a substantial 
reduction of residuals at time periods and m/z’s. 
     
3 0 0 1.6969 Three-factor (HOA, SV-OOA, and LV-OOA) have 
distinctive mass spectra and diurnal cycles. Factor time 
trends seem mixed with each other.   
     
3 -0.5 to 
0.5 
0 1.6969-
1.6993 
In this range, factor time series and MS changing 
indicating a possible optimum solution from rotation. 
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# Factors FPEAK SEED Q/Qexpected Solution Description 
3 -0.20 0 1.6972 Optimum number of factors (HOA, SV-OOA, and 
LV-OOA) and FPEAK. The time trends and mass 
spectra compare well with independent particles 
and/or gaseous measurements and reference MS. 
     
3 0 0-100 
in 
steps 
of 5 
1.6969 All three-factor are nearly identical for all different seed.  
     
4 to 8 0 0 1.4978-
1.0608 
Although Q/Qexp is reduced (Figure S5), factor splitting 
appear as shown by unrealistic zeros in factor time 
series, single m/z peak in factor MS, and similar time 
trends with each other.  
     
Two-season 
1 0 0 3.4964 One-factor resulted in large residuals at some time 
periods and m/z’s. 
     
2 0 0 1.9769 Two-factor (HOA and OOA) resulted in a substantial 
reduction of residuals at time periods and m/z’s. 
     
3 0 0 1.6545 Optimum number of factors (HOA, SV-OOA, and 
LV-OOA) and FPEAK. All three-factor have 
distinctive mass spectra, diurnal cycles, and time 
trends.  
     
3 -0.5 to 
0.5 
0 1.6545-
1.6567 
In this range, factor time series and MS changing 
indicating a possible optimum solution from rotation. 
     
3 0 0-100 
in 
steps 
of 5 
1.6544-
1.6545 
All three-factor are nearly identical for all different seed.  
     
4 to 8 0 0 1.4063-
0.97636 
Although Q/Qexp is reduced (Figure S6), factor splitting 
appear as shown by unrealistic zeros in factor time 
series, single m/z peak in factor MS, similar time trends 
with each other, and weak correlation with external 
tracers. 
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Figure B3. The ratio of Q/Qexp for p of 1 to 8 is used to determine the optimum number of 
factors in PMF analysis of the summer dataset. Time series and mass spectra of Q/Qexp in (a) and 
(b) clearly suggest that at least three factors are needed to describe the solution. Time series of 
the four-factor solution is not substantially different from three-factor (c); however the mass 
spectrum, particularly at key m/z’s, is reduced significantly (d). Overall time trend and m/z 
contributions to the Q/Qexp at each factor are presented in (e). 
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Figure B4. Diagnostic plots for PMF analysis of summer 2011: (a) Q/Qexp as a function of 
number of factors (p), (b) Q/Qexp as a function of FPEAK selected for the chosen number of 
factors, (c) fractional contribution of OA factors for each FPEAK, (d) correlation among PMF 
factors based on factor TS and MS, (e) TS of the measured OA mass and the reconstructed OA 
mass, (f) variation of the residual of the fit, Q/Qexp for each point in time (g) and for each m/z (h), 
and the box and whisker plot of the scaled residuals for each m/z. 
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Figure B5. Results from bootstrapping analysis of the four-factor solution of summer dataset. 
Average (a) MS and (b) time series (TS) are shown in black with 1-σ error bars are shown in red. 
All four factors show some uncertainty in their MS and TS, which are nonetheless small 
compared to the general factor profile and contribution.  
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Table B2. Correlations (r2 values) of the PMF analysis of summer 2011 factors with collocated 
time series measurements from JST site and with reference mass spectra from AMS mass 
spectral database. 
 IEPOX-OA SV-OOA LV-OOA HOA  
r2TSa      
CO 0.05 0.06 0.01 0.69 Primary 
EC 0.04 0.11 0.01 0.67 Primary 
NOx 0.00 0.02 0.00 0.69 Primary 
NOy 0.01 0.02 0.00 0.71 Primary + Secondary 
SO42- 0.48 0.04 0.20 0.00 Secondary 
NH4+ 0.45 0.08 0.22 0.00 Secondary 
NO3- 0.03 0.07 0.00 0.38 Secondary 
Ox (=O3+NO2) 0.28 0.08 0.07 0.01 Secondary 
r2MSb      
HOA  0.37 0.30 0.13 0.95 Pittsburgh (Ulbrich et al., 
2009)  
OOA-1  0.85 0.91 0.82 0.20 Pittsburgh (Ulbrich et al., 
2009)  
OOA-2  0.64 0.72 0.62 0.53 Pittsburgh (Ulbrich et al., 
2009)  
HOA  0.24 0.18 0.07 0.94 Urban AMS (Ng et al., 
2011a)  
LV-OOA  0.75 0.87 0.86 0.14 Urban AMS (Ng et al., 
2011a)  
SV-OOA  0.75 0.75 0.38 0.69 Urban AMS (Ng et al., 
2011a)  
Honda emission  0.18 0.15 0.06 0.87 Laboratory AMS (Mohr et 
al., 2009)  
Diesel emission  0.18 0.14 0.05 0.89 Laboratory AMS (Mohr et 
al., 2009)  
IEPOX-derived 
SOA 
0.74 0.53 0.44 0.35 Laboratory ACSM-1 
0.67 0.45 0.33 0.38 Laboratory ACSM-2 
0.58 0.34 0.20 0.44 Laboratory ACSM-3 
0.67 0.45 0.32 0.40 Average Lab Filters 
82Fac 0.86 0.79 0.70 0.32 Borneo AMS (Robinson et 
al., 2011) 
a Correlation coefficient of the PMF factor time series and the collocated particle measurement 
b Correlation coefficient of the PMF factor mass spectra and the reference mass spectra from previous studies and 
ACSM 
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Figure B6. The ratio of Q/Qexp for p of 1 to 8 is used to determine the optimum number of 
factors in PMF analysis of the fall dataset. Time series and mass spectra of Q/Qexp in (a) and (b) 
suggest that at least three factors are needed to describe the solution. (a) Time series and (b) mass 
spectra of four-factor solution show a substantial reduction of Q/Qexp; however the similarity of 
the time series of the factors increases. Overall time trend and m/z contributions to the Q/Qexp 
from each factor are presented in (e). 
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Figure B7. Diagnostic plots for PMF analysis of fall 2011: (a) Q/Qexp as a function of number of 
factor (p), (b) Q/Qexp as a function of FPEAK selected for the chosen number of factors, (c) 
fractional contribution of OA factors for each FPEAK, (d) correlation among PMF factors based 
on factor TS and MS, (e) TS of the measured OA mass and the reconstructed OA mass, (f) 
variation of the residual of the fit, Q/Qexp for each point in time (g) and for each m/z (h), and the 
box and whisker plot of the scaled residuals for each m/z. 
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Figure B8. Results from bootstrapping analysis of the three-factor solution of the fall dataset. 
Average (a) MS and (b) time series (TS) are shown in black with 1-σ error bars in red. All four 
factors show some uncertainty in their MS and TS, which are nonetheless small compared to the 
general factor profile and contribution. 
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Table B3. Correlations (r2 values) of the PMF analysis of fall 2011 factors with collocated time 
series measurements from JST site and with reference mass spectra from AMS mass spectral 
database. 
 LV-OOA SV-OOA HOA  
r2TSa     
CO 0.11 0.14 0.84 Primary 
EC 0.15 0.21 0.81 Primary 
NOx 0.09 0.10 0.88 Primary 
NOy 0.10 0.11 0.89 Primary + Secondary 
SO42- 0.17 0.05 0.34 Secondary 
NH4+ 0.14 0.14 0.02 Secondary 
NO3- 0.15 0.06 0.10 Secondary 
Ox (=O3+NO2) 0.04 0.02 0.02 Secondary 
r2MSb     
HOA  0.12 0.46 0.91 Pittsburgh (Ulbrich et al., 
2009)  
OOA-1  0.82 0.85 0.09 Pittsburgh (Ulbrich et al., 
2009)  
OOA-2  0.62 0.70 0.45 Pittsburgh (Ulbrich et al., 
2009)  
HOA  0.06 0.31 0.97 Urban AMS (Ng et al., 
2011a)  
LV-OOA  0.90 0.76 0.05 Urban AMS (Ng et al., 
2011a)  
SV-OOA  0.37 0.86 0.49 Urban AMS (Ng et al., 
2011a)  
BBOA  0.32 0.70 0.54 Urban AMS (Ng et al., 
2011a)  
Honda emission  0.06 0.25 0.96 Laboratory AMS (Mohr et 
al., 2009)  
Diesel emission  0.04 0.25 0.97 Laboratory AMS (Mohr et 
al., 2009)  
a Correlation coefficient of the PMF factor time series and the collocated particle measurement 
b Correlation coefficient of the PMF factor mass spectra and the reference mass spectra from previous studies and 
ACSM 
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Figure B9. The ratio of Q/Qexp for p of 1 to 8 is used to determine the optimum number of 
factors in PMF analysis of two-season dataset. Time series and mass spectra of Q/Qexp in (a) and 
(b) suggest that at least three factors are needed to describe the solution. (a) Time series and (b) 
mass spectra of four-factor solution show a substantial reduction of Q/Qexp; however the 
similarity of the time series increases. Overall time trend and m/z contributions to the Q/Qexp at 
each factor are presented on (e). 
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Figure B10. Time trends and mass spectra for the three components retrieved from PMF 
analysis of two-season dataset. Factor 1 is identified as LV-OOA, Factor 2 is SV-OOA, and 
Factor 3 is HOA.  
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Figure B11. Diagnostic plots for PMF analysis of the two-season dataset: (a) Q/Qexp as a 
function of number of factor (p), (b) Q/Qexp as a function of FPEAK selected for the chosen 
number of factors, (c) fractional contribution of OA factors for each FPEAK, (d) correlation 
among PMF factors based on factor TS and MS, (e) TS of the measured OA mass and the 
reconstructed OA mass, (f) variation of the residual of the fit, Q/Qexp for each point in time (g) 
and for each m/z (h), and the box and whisker plot of the scaled residuals for each m/z.  
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Figure B12. Results from bootstrapping analysis of the three factor solution of the two-season 
dataset. Average (a) MS and (b) time series (TS) are shown in black with 1-σ error bars in red. 
All four factors show some uncertainty in their MS and TS, which are nonetheless small 
compared to the general factor profile and contribution. 
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Table B4. Correlations (r2 values) of the PMF analysis of two-season factor solution with 
collocated time series measurements from JST site and with reference mass spectra from AMS 
mass spectral database. 
 LV-OOA SV-OOA HOA  
r2TSa     
CO 0.00 0.40 0.81 Primary 
EC 0.00 0.47 0.76 Primary 
NOx 0.02 0.31 0.87 Primary 
NOy 0.01 0.32 0.88 Primary + Secondary 
SO42- 0.46 0.10 0.03 Secondary 
NH4+ 0.58 0.10 0.00 Secondary 
NO3- 0.02 0.09 0.16 Secondary 
Ox (=O3+NO2) 0.37 0.02 0.04 Secondary 
r2MSb     
HOA  0.34 0.13 0.60 Pittsburgh (Ulbrich et al., 
2009)  
OOA-1  0.93 0.83 0.70 Pittsburgh (Ulbrich et al., 
2009)  
OOA-2  0.73 0.63 0.66 Pittsburgh (Ulbrich et al., 
2009)  
HOA  0.22 0.07 0.44 Urban AMS (Ng et al., 
2011a)  
LV-OOA  0.86 0.90 0.61 Urban AMS (Ng et al., 
2011a)  
SV-OOA  0.75 0.39 0.90 Urban AMS (Ng et al., 
2011a)  
BBOA  0.63 0.35 0.74 Urban AMS (Ng et al., 
2011a)  
Honda emission  0.18 0.06 0.36 Laboratory AMS (Mohr et 
al., 2009)  
Diesel emission  0.17 0.05 0.37 Laboratory AMS (Mohr et 
al., 2009)  
a Correlation coefficient of the PMF factor time series and the collocated particle measurement 
b Correlation coefficient of the PMF factor mass spectra and the reference mass spectra from previous studies and 
ACSM 
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GC/MS Analysis of JST Filter 
Table B5. Biogenic SOA tracers quantified from JST filters. IEPOX-derived SOA tracers and 
levoglucosan (a biomass burning tracer) were quantified with authentic standards, while α-
pinene SOA tracers were quantified by their respective base peak ion areas normalized by total 
sampling volume. 
Biogenic 
SOA 
Tracer Compounds Tracer Ion 
(m/z) 
Retention Time 
(min) 
Quantification 
IEPOX-
derived SOAa 
 
 
2-methylthreitol 219 34.6 Meso-erythritol 
(Sigma Aldrich) 2-methylerythritol 219 35.4 
C5-alkene triols 231 27.2 Meso-erythritol 
(Sigma Aldrich) 231 28.2 
231 28.6 
cis-3-
methyltetrahydrofuran-
3,4-diols (cis-3-MeTHF-
3,4-diols) 
262 22.8 Synthesized 
standard. Details 
are provided 
elsewhere.(Zhang 
et al., 2012c)  trans-3-
methyltetrahydrofuran-
3,4-diols (trans-3-
MeTHF-3,4-diols) 
262 22.2 
MAE-derived 
SOAa 
2-methylglyceric acid 219 25.1 Meso-erythritol 
(Sigma Aldrich) 
Biomass 
Burning SOAb 
Levoglucosan 204, 217, 333 41.2 1,6-Anhydro-β-
D-glucose 
(Sigma Aldrich) 
α-pinene 
SOAc 
3-hydroxyglutaric acid 349, 259, 231, 
217, 185, 169 
36.04 Base peak ion 
areas normalized 
by sampling 
volume 
 3-hydroxy-4,4-
dimethylglutaric acid 
377, 217, 185 41.99 
 3-methyl-1,2,3-
butanetricarboxylic acid 
(MBTCA) 
405, 287, 245, 
204 
42.89 
a SOA tracers from isoprene OH-initiated oxidation under low-NO (IEPOX-derived)(Lin et al., 2012) and high-NO 
(MAE-derived) (Lin et al., 2013b) conditions. 
b Levoglucosan is formed from cellulose decomposition at temperature > 300 °C.(Simoneit et al., 1999) 
c SOA tracers from α-pinene OH-initiated oxidation.(Hallquist et al., 2009)   
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ACSM Speciated and Total NR-PM1 Measurement Results 
 
Figure B13. Time series of the NR-PM1 aerosol mass concentration for summer 2011 measured 
by ACSM and colored by species. Details of JST measurements are provided in 
literature.(Hansen et al., 2003, Edgerton et al., 2005, Edgerton et al., 2006) 
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Figure B14. Time series of the NR-PM1 aerosol mass concentration for fall 2011 measured by 
ACSM and colored by species. Details of JST measurements are provided in literature.(Hansen 
et al., 2003, Edgerton et al., 2005, Edgerton et al., 2006) 
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Figure B15. Pie charts of the NR-PM1 aerosol mass concentrations measured by the ACSM and 
color coded by species. 
IEPOX-OA Factor Identification 
Figure B16. (a) Mass contribution of the different factors to the m/z 82 fragment ion signal 
observed as a function of time. (b-e) Correlation of PMF factor mass contribution to the m/z 82 
fragment ion signal of the organic fraction from summer 2011. 
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Figure B17. GC/MS total ion chromatogram of the PM2.5 sample collected at JST site on 13 
August 2011, showing (1) 3-methyltetrahydrofuran-3,4-diols, (2) 2-methylglyceric acid, (3) C5-
alkene triols, (4a) 2-methylthreitol, (4b) 2-methylerythritol, (5) 3-hydroxyglutaric, and (6) 
levoglucosan peaks. Sulfate peak resolved in the analysis is marked in asterix,(Jaoui et al., 2012) 
and the preceding before sulfate are also observed in field, solvent, and laboratory filter blanks.  
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IEPOX-OA Factor Characteristics 
 
Figure B18. Wind rose plot of IEPO-OA factor mass loading observed at JST site.  
 
Figure B19. The effect of aerosol acidity on IEPOX-derived SOA formation is reflected in 
moderate correlations of IEPOX-OA factor to (a) ion-balanced acidity ([H+]ion) and (b) 
neutralization degree (NH4+meas/NH4+neu) colored by date, and modeled aerosol acidity 
represented by (c) free hydrogen ion in aqueous phase ([H+]in-situ) and (d) aerosol pHin-situ resulted 
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from E-AIM II. For figures (a) and (b), the period after 4 September 2011 was excluded from 
calculation of IEPOX-OA factor correlations with ion-balanced acidity and neutralization degree 
because of low SO42- loading that causes a large negative bias of aerosol acidity estimation. 
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR “EXAMINING THE 
EFFECTS OF ANTHROPOGENIC EMISSIONS ON ISOPRENE-DERIVED 
SECONDARY ORGANIC AEROSOL FORMATION DURING THE 2013 SOUTHERN 
OXIDANT AND AEROSOL STUDY (SOAS) AT THE LOOK ROCK, TENNESSEE, 
GROUND SITE” 
 
Ambient PM1 and Collocated Measurements 
Table C1. Collocated gas- and particle-phase measurements at LRK site. 
Compound Instrument Analysis Method Reporting Frequency 
SO2 Thermo Scientific 43i TLE Pulsed fluorescence 1 hr 
CO Thermo Scientific 48i TLE NDIR-GFC 1 hr 
NO Thermo Scientific 42c Chemiluminescence 1 hr 
NOy Thermo Scientific 42c Chem./Mo converter 1 hr 
NO2 API 200EU Chem./photolytic conv. 1 hr 
BC Magee AE 22 Optical absorption 1 hr 
SO4 Thermo Scientific 5020 Thermal/fluorescence 1 hr 
PM2.5  Met One BAM-1020 Beta attenuation 1 hr 
PM10 Met One BAM-1020 Beta attenuation 1 hr 
O3a Thermo Scientific 49i UV absorption 1 hr 
aOzone is measured at National Park Service shelter next to LRK shelter  
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Figure C1. Comparison of PM1 mass concentration from ACSM and black carbon 
measurements with PM1 volume concentration from SEMS suggests a strong correlation. Slope 
shown in insert suggests an estimated aerosol density of 1.52 g cm-3.  
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PMF Analysis 
Table C2. Summary of PMF solutions obtained for 2013 SOAS campaign dataset. 
# Factors FPEAK SEED Q/Qexpected Solution Description 
1 0 0 0.27262 One-factor (OOA) resulted in large residuals at some 
time periods and m/z’s. 
     
2 0 0 0.23717 Two-factor (IEPOX-OA and LV-OOA) is 
significantly reduced residuals. LV-OOA factor time 
trends and mass spectrum seem to be a mixture of 
less- and more-oxidized OA.  
     
3 0 0 0.21338 Three-factor (IEPOX-OA, LV-OOA, and 91Fac) 
seems like an optimum solution. The 91Fac appears 
to share some similarities in time trend and mass 
spectrum to IEPOX-OA and LV-OOA but with a 
distinct m/z 91. 
     
3 -0.2 to 
0.2 
0 0.2134-
0.21447 
In this range, factor MS and time series are changing 
suggesting possibility of optimum solution.  
     
3 -0.09 0 0.2137 Optimum number of factors (IEPOX-OA, LV-
OOA, and 91Fac) and FPEAK. All three factors 
have distinctive time trends and mass spectra, and 
compare well with independent particle and/or 
gaseous measurements, and reference MS from 
database and/or experiment in this study.  
     
3 0 0-100 
in 
steps 
of 5 
0.21336-
0.21353 
For 3-factor, time trends and mass spectra are nearly 
identical at different starting points.  
     
4 to 10 0 0 0.19965-
0.16295 
Q/Qexp is reduced but OOA factor is split into more 
factors that do not compare well with reference MS. 
 
Table C3. Correlation of PMF 2-, 3-, and 4-factor solutions at Fpeak 0 with collocated 
measurements and reference mass spectra. 
	   2-factor 3-factor 4-factor 
 Fac1 Fac2 Fac1 Fac2 Fac3 Fac1 Fac2 Fac3 Fac4 
r2TS          
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   2-factor 3-factor 4-factor 
 Fac1 Fac2 Fac1 Fac2 Fac3 Fac1 Fac2 Fac3 Fac4 
CO 0.41 0.33 0.37 0.44 0.28 0.37 0.45 0.34 0.29 
NOx (=NO+NO2) 0.02 0.01 0.03 0.01 0.02 0.03 0.01 0.00 0.05 
NOy 0.15 0.22 0.14 0.21 0.20 0.13 0.22 0.17 0.22 
NOz 0.15 0.22 0.14 0.21 0.21 0.13 0.21 0.17 0.23 
Ox (=NO2+O3) 0.18 0.21 0.15 0.30 0.13 0.14 0.32 0.16 0.16 
SO4 0.37 0.16 0.35 0.31 0.14 0.35 0.33 0.19 0.17 
ACSM SO4 0.62 0.34 0.59 0.53 0.31 0.59 0.55 0.39 0.33 
ACSM NO3 0.75 0.73 0.72 0.80 0.70 0.70 0.79 0.74 0.68 
ACSM NH4 0.61 0.41 0.57 0.59 0.36 0.57 0.61 0.44 0.37 
r2MS          
HOA 0.11 0.05 0.17 0.03 0.57 0.18 0.02 0.35 0.29 
LV-OOA 0.97 0.97 0.83 0.93 0.32 0.80 0.91 0.67 0.52 
SV-OOA 0.55 0.41 0.64 0.32 0.88 0.64 0.28 0.91 0.44 
BBOA 0.46 0.28 0.64 0.20 0.69 0.66 0.17 0.69 0.34 
82Fac 0.89 0.71 0.94 0.60 0.47 0.94 0.56 0.68 0.38 
91Fac 0.54 0.42 0.60 0.32 0.80 0.58 0.27 0.67 0.69 
IEPOX-OA 0.81 0.65 0.89 0.56 0.53 0.89 0.52 0.84 0.33 
Lab IEPOX SOA 0.55 0.32 0.80 0.24 0.38 0.83 0.21 0.53 0.19 
 
 
Figure C2. Time series and mass spectra of Q/Qexp for 2-,3-, and 4-factor solutions are used to 
determine the optimum number of factor in PMF analysis. The 3-factor solution time series and 
mass spectra of Q/Qexp suggest that adding the third factor reduces Q/Qexp substantially. The 4-
factor solution does not significantly reduce time series and mass spectrum of Q/Qexp compared 
to those of 3-factor solution.  
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Figure C3. Diagnostic plots for PMF analysis of 2013 SOAS campaign dataset: (a) Q/Qexp as a 
function of number of factors (p), (b) Q/Qexp as a function of FPEAK selected for the chosen 
number of factors, (c) fractional contribution of OA factors for each FPEAK, (d) correlation 
among PMF factors based on factor TS and MS, (e) TS of the measured OA mass and the 
reconstructed OA mass, (f) variation of the residual of the fit, Q/Qexp for each point in time (g) 
and for each m/z (h), and the box and whisker plot of the scaled residuals for each m/z. 
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Figure C4. Diagnostic plots for seed analysis of PMF three factor solution: (a) fractional 
contribution of OA factors for each seed, and (b) Q/Qexp as a function of seed selected for the 
chosen number of factors. Changes in mass fraction contribution of each factors are negligible (< 
1%) over seed range. Similarly, Q/Qexp value at different seed are nearly identical with very 
small changes (< 1%).    
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Figure C5. Results from bootstrapping analysis of the three factor solution of the 2013 SOAS 
campaign dataset. Average (a) time series and (b) mass spectra are shown in black with 1-σ error 
12
8
4
0
µg
 m
-3
IEPOX-OA
(a)
8
6
4
2
0
µg
 m
-3
LV-OOA
6
4
2
0
µg
 m
-3
6/10/2013 6/20/2013 6/30/2013 7/10/2013
Date and Time (Local)
91Fac
0.16
0.12
0.08
0.04
0.00
Fr
ac
. S
ig
na
l IEPOX-OA
(b)
0.20
0.15
0.10
0.05
0.00
Fr
ac
. S
ig
na
l LV-OOA
0.12
0.08
0.04
0.00
Fr
ac
. S
ig
na
l
12010080604020
m/z
91Fac
 153 
bars in red. All four factors show some uncertainty in their mass spectra and time series, which 
are nonetheless small compared to the general factor profile and contribution. 
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Filter Sampling Methods and Analysis 
FLEXPART Model 
The intensive filter sampling periods were selected on the basis of the FLEXPART 
Lagrangian particle dispersion model v. 9.02 (Stohl et al., 2005), driven by analytical data (every 
6 hours) and 3 hour forecasts of the Global Forecast System (GFS) of the National Centers for 
Environmental Prediction (NCEP). Back-trajectory calculations were conducted on a 0.1 x 0.1 
degree grid by releasing 10000 air parcels every 3 hours at each SAS field site and following 
parcels back in time for 72 hours. The resulting 3-hour surface residence time fields 
(concentration of parcels at a given time between 0 and 100 m above ground) were convolved 
with emission inventories and then spatially integrated to estimate total emissions injected into 
the air parcel during each 3-hour interval. This allowed estimation of (1) total emissions load of 
an air mass sampled at LRK (as well as the other ground sites), (2) the mixture of different 
emission source types (mobile, biogenic VOCs, biomass burning, etc.), and (3) the age (and 
hence amount of chemical processing) emissions experienced prior to arrival at LRK. NOx and 
SO2 concentrations were estimated from the National Emission Inventory (NEI), biomass 
burning emissions from the Fire Inventory from NCAR (FINN, Wiedinmyer et al., 2011) and 
biogenic VOC emissions were based on results of a MOZART global model (Emmons et al., 
2010) simulation using the Model of Emissions of Gases and Aerosols from Nature (MEGAN, 
Guenther et al., 2006). 
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Filter Analysis 
Table C4. Temperature program and purge gas type used in OC/EC analysis of particle-laden 
filter punches. 
Step Gas Hold time (s) Temperature (°C) 
1 He 60 310 
2 He 60 480 
3 He 60 615 
4 He 90 900 
5 He 30 Oven off 
6 He 8 550 
7 He/O2 35 600 
8 He/O2 45 675 
9 He/O2 45 750 
10 He/O2 45 825 
11 He/O2 120 920 
 
  
Figure C6. Typical high-resolution fitting of (a) IEPOX as an acetate cluster, and (b) MAE as a 
deprotonated ion from HR-TOFCIMS measurement at LRK site.  
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Figure C7. Calibration factors of (a) IEPOX and (b) MAE from HR-ToF-CIMS with acetate ion 
chemistry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C8. Figure S8. 1H NMR spectrum (D2O, 400 MHz) of 2-C-methylerythritol and 2-C-
methylthreitol mixture.  
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Figure C9. Figure S9. 1H NMR spectrum (D2O, 400 MHz) of 2-C-methyltetrol sulfate ester 
mixture. 
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Gas- and Particle-phase Analysis  
Table C5. Correlation of PMF Factors with collocated measurements and reference mass 
spectra. 
 
IEPOX-OA LV-OOA 91Fac 
r2Time Series 
   CO 0.29 0.38 0.18 
NOx (=NO+NO2) 0.03 0.00 0.03 
NOy 0.09 0.19 0.16 
NOz 0.08 0.16 0.15 
Ox (=NO2+O3) 0.07 0.36 0.06 
SO4 0.31 0.23 0.07 
ACSM SO4 0.58 0.39 0.18 
ACSM NO3 0.55 0.62 0.55 
ACSM NH4 0.47 0.48 0.23 
CIMS MAE 0.27 0.30 0.33 
CIMS IEPOX  0.24 0.31 0.37 
PTR-MS Isoprene 0.01 0.08 0.05 
PTR-MS MVK+MACR 0.36 0.37 0.47 
PTR-MS Acetonitrile 0.12 0.09 0.07 
PTR-MS Monoterpenes 0.00 0.02 0.01 
E-AIM H+(aq) 0.01 0.04 0.03 
EAIM pH 0.00 0.01 0.01 
EAIM LWC 0.01 0.00 0.01 
WSOC 0.37 0.28 0.27 
r2Mass Spectra 
   HOAa 0.11 0.05 0.24 
LV-OOAa 0.97 0.97 0.92 
SV-OOAa 0.55 0.41 0.75 
BBOAa 0.46 0.28 0.56 
82Facb 0.89 0.71 0.82 
91Facb 0.54 0.42 0.75 
IEPOX-OAc 0.81 0.65 0.83 
Lab IEPOX SOAc 0.55 0.32 0.49 
References: (a) Ng et al. (2011), (b) Robinson et al. (2011), and (c) Budisulistiorini et al. (2013) 
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Table C6. Correlation of isoprene-derived SOA tracers measured by GC/EI-MS and 
UPLC/DAD-ESI-HR-Q-ToFMS with collocated measurements.  
r2 MeTHF MeTetrol Triol 2-MG IEPOXOS IEPOXOSdimer MAEOS 
CO 0.07 0.34 0.29 0.45 0.37 0.05 0.18 
NOx (=NO+NO2) 
0.03 0.00 0.01 0.03 0.00 0.00 0.01 
NOy 
0.16 0.11 0.12 0.38 0.15 0.02 0.18 
NOz 
0.29 0.17 0.23 0.35 0.27 0.01 0.33 
Ox (=NO2+O3) 
0.05 0.01 0.01 0.00 0.04 0.00 0.10 
SO4 0.06 0.36 0.31 0.35 0.35 0.00 0.19 
ACSM SO4 
0.09 0.36 0.31 0.31 0.37 0.07 0.22 
ACSM NO3 
0.17 0.41 0.38 0.46 0.42 0.02 0.37 
ACSM NH4 
0.07 0.32 0.27 0.32 0.32 0.07 0.22 
CIMS MAE 0.45 0.26 0.33 0.37 0.32 0.02 0.45 
CIMS IEPOX  0.41 0.21 0.28 0.30 0.25 0.05 0.39 
PTR-MS Isoprene 0.06 0.03 0.03 0.09 0.08 0.00 0.10 
PTR-MS MVK+MACR 0.15 0.24 0.26 0.29 0.34 0.03 0.21 
PTR-MS Acetonitrile 0.01 0.20 0.18 0.33 0.30 0.00 0.09 
E-AIM H+(aq) 0.01 0.01 0.01 0.05 0.01 0.05 0.01 
E-AIM pH 0.07 0.00 0.01 0.00 0.01 0.10 0.00 
E-AIM LWC 0.01 0.01 0.00 0.00 0.00 0.17 0.00 
WSOC 0.06 0.33 0.31 0.29 0.37 0.01 0.23 
  
   
Figure C10. Comparisons of organi aerosol (OM) by ACSM with organic carbon (OC) by 
Sunset OC/EC (a) and water soluble organic carbon (WSOC) measurements (b). OM : OC ratio 
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was estimated to be 2.34. Comparisons of WSOC with SOA tracers (c) indicate that IEPOX- and 
MAE-derived masses might explain 24% and 0.5% of the WSOC mass, respectively. 
 
  
Figure C11. Diurnal variation of NOx, NOy, and SO2 (left) and CO and BC (right). Overall, 
concentration of primary tracers (i.e., NOx, SO2, CO, and BC) are small.  
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HYSPLIT model 
Atmospheric transport during the 2014 SOAS field study was analyzed by computing air 
trajectories using the HYSPLIT Model (http://ready.arl.noaa.gov/HYSPLIT.php) from the Air 
Resources Laboratory of the National Oceanic and Atmospheric Administration (NOAA).  Wind 
fields from the NOAA-NCAR Global Reanalysis data set were used as input to HYSPLIT for 
trajectory calculations.  Vertical air parcel motion was determined from estimated vertical 
velocities in the input data set.  Air trajectories were computed 24 hours backward in time from 
Look Rock in one-hour time steps with ending heights at Look Rock of 100, 500 and 1500 m 
above ground level.  Each trajectory arrived at Look Rock at midnight (EST) or 01:00 EDT. 
To further examine the influence of NOx emissions as well as aerosol acidity, we 
examined where air masses originated from to our site using back trajectory (HYSPLIT model) 
analysis. Figs. C12 and C13 present the back-trajectories of air mass arrived at the LRK site at 
01:00 local time (00:00 EST) of the date on each plot. During periods (10 – 16 June 2013) of 
high levels of IEPOX-derived SOA mass, the model shows that air masses were coming from the 
south at the beginning and slowly shifted from the west for the next three days (Fig. C12). 
Throughout periods when IEPOX-derived SOA is low (2 – 8 July 2013), air masses were coming 
from the south and southeast. Considering that the site is located at about 800 m above sea level, 
it is less likely that the air masses (at 100 m above the surface) carried NOx from nearby sources. 
Air masses at 500 m and 1500 m above the surface might carry some NOx, however, it might 
have been diluted during the transport.   
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Figure C12. Air mass back trajectories from HYSPLIT 24-hr model duringthe first and second 
intensive filter sampling periods when high IEPOX-derived SOA formation was observed. The 
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backtrajectories were estimated at elevation of 100 m (green), 500 m (blue), and 1500 m 
(yellow) above the site. Concentration of IEPOX-derived SOA started to decrease on June 17, 
2013. 
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Figure C13. Air mass back trajectories from HYSPLIT 24-hr model during low IEPOX-derived 
SOA formation of 2 – 8 July 2013. 9 July 2013 was the the beginning of the fourth intensive 
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period. The backtrajectories were estimated at elevation of 100 m (green), 500 m (blue), and 
1500 m (yellow) above the site. 
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ABSTRACT: Secondary organic aerosol (SOA) produced from
reactive uptake and multiphase chemistry of isoprene epoxydiols
(IEPOX) has been found to contribute substantially (upward of 33%)
to the ﬁne organic aerosol mass over the Southeastern U.S. Brown
carbon (BrC) in rural areas of this region has been linked to secondary
sources in the summer when the inﬂuence of biomass burning is low.
We demonstrate the formation of light-absorbing (290 < λ < 700 nm)
SOA constituents from reactive uptake of trans-β-IEPOX onto
preexisting sulfate aerosols as a potential source of secondary BrC.
IEPOX-derived BrC generated in controlled chamber experiments
under dry, acidic conditions has an average mass absorption coeﬃcient of ∼300 cm2 g−1. Chemical analyses of SOA constituents
using UV−visible spectroscopy and high-resolution mass spectrometry indicate the presence of highly unsaturated oligomeric
species with molecular weights separated by mass units of 100 (C5H8O2) and 82 (C5H6O) coincident with the observations of
enhanced light absorption, suggesting such oligomers as chromophores, and potentially explaining one source of humic-like
substances (HULIS) ubiquitously present in atmospheric aerosol. Similar light-absorbing oligomers were identiﬁed in ﬁne
aerosol collected in the rural Southeastern U.S., supporting their atmospheric relevance and revealing a previously unrecognized
source of oligomers derived from isoprene that contributes to ambient ﬁne aerosol mass.
■ INTRODUCTION
Atmospheric ﬁne aerosol signiﬁcantly impacts Earth’s climate
directly through scattering and absorbing solar radiation and
indirectly through aerosol−cloud interactions.1 The combined
eﬀects of atmospheric aerosol on total radiative forcing (RF)
constitute a major source of uncertainty in climate models, with
the consequence that conﬁdence in assessments of the eﬀects
on climate change is lacking.2 Secondary organic aerosol (SOA)
produced by atmospheric transformation of gaseous hydro-
carbon precursors is generally not considered as a source of
light-absorbing materials and is therefore not well-represented
in current climate models. However, recent laboratory and ﬁeld
observations indicate SOA composed of either humic-like
substances (HULIS) or nitrogen-containing species derived
from anthropogenic and biogenic sources have signiﬁcant light
absorbance in the near-ultraviolet (UV) and visible range
associated with brown carbon (BrC).3−6 Such observations
establish the need to better identify and quantify sources of
light-absorbing SOA and suggest that the warming contribution
of organic carbonaceous aerosol is likely to be underestimated
in models which do not incorporate a realistic treatment of this
potentially important source of positive RF.
Recent investigations of the atmospheric transformations of
isoprene (2-methyl-1,3-butadiene) emissions from terrestrial
vegetation have demonstrated the importance of relative
humidity (RH) as well as anthropogenically mitigated levels
of oxides of nitrogen (NOx) and aerosol acidity in isoprene
SOA formation.7,8 Substantial isoprene SOA (upward of 33% of
the organic mass fraction in ﬁne aerosol) has been observed in
recent ﬁeld studies in the Southeastern U.S. where biogenic
SOA formation is enhanced by anthropogenic inﬂuences.9,10
During summer, when emissions from biomass burning are low
in the rural southeast,11,12 secondary BrC from biogenic sources
was suggested to contribute a major fraction of soluble
BrC.12,13Nevertheless, light-absorbing properties of SOA from
isoprene photooxidation products and the extent to which
isoprene-derived SOA might contribute to BrC aerosol have
not been considered to date in evaluating the environmental
impact of atmospheric BrC.
We report here that SOA derived from the reactive uptake of
isoprene epoxydiols (IEPOX), second-generation photochem-
ical oxidation products of isoprene under low-NOx conditions,
onto acidiﬁed sulfate seed aerosol yields SOA with a chemical
composition similar to HULIS and may be a substantial
contributor to the absorbance of tropospheric UV and visible
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solar radiation (290−700 nm). The absorbance measured from
the ﬁlter extracts of aerosol samples generated in chamber
experiments is correlated with the presence of oligomers.
Molecular composition and mass fragmentation patterns show
that the oligomers are composed of highly oxygenated
monomeric units derived from the C5 isoprene skeleton. Our
chamber studies demonstrate that molecular composition is
dependent on aerosol pH and suggest that light-absorbing
structures are generated via successive dehydrations under
conditions of enhanced acidity. Fourier transform infrared
(FTIR) analysis of the total SOA extract from our chamber
studies indicates that carbonyl compounds are not major SOA
components and taken together with the mass spectra of the
oligomers, is not supportive of carbonyl groups as signiﬁcant
chromophores. This observation stands in contrast to
previously reported laboratory studies on the formation of
BrC, which are based on acid-catalyzed coupling of semivolatile
carbonyl precursors6,14−22 or alkenes23 where browning is
attributed to formation of SOA products similar to those of
Maillard reactions or polyconjugated systems. Conﬁrmation of
both the spectral characteristics of the aerosol sample extracts
and the presence of the same oligomers in chamber samples
and ﬁeld samples collected from the Southeastern U.S. indicates
that the chamber studies reproduce an environmentally relevant
process. Given that isoprene is the most abundant nonmethane
hydrocarbon emitted into the atmosphere (∼600 Tg y−1),24
our study points to IEPOX as a hitherto unrecognized source of
BrC in isoprene-rich regions. Our results also yield insights into
the molecular-level characterization and quantiﬁcation of BrC
constituents that have the potential to improve the accuracy of
calculating RFs that determine the overall radiative balance.
■ EXPERIMENTAL SECTION
Chamber Experiments. Reactive uptake experiments were
performed in a 10-m3 ﬂexible Teﬂon indoor chamber at the
University of North Carolina. The chamber has been described
in detail previously.25 Prior to each experiment the chamber
was ﬂushed for at least 24 h until particle number
concentrations were below 15 cm−3, and volume concen-
trations were ∼10−3 μm3 cm−3. Particle number concentrations,
size distributions, and volume concentrations were continu-
ously monitored using a diﬀerential mobility analyzer (DMA,
BMI model 2002) coupled to a mixing condensation particle
counter (MCPC, BMI model 1710). Two types of sulfate seed
aerosol were used to promote reactive uptake of organic
material: MgSO4 (0.06 M) and (NH4)2SO4 (0.06 M). Acidiﬁed
sulfate seed aerosol was generated by adding additional sulfuric
acid (0.06 M) to seed aerosol solutions. Seed aerosol was
atomized into the chamber using a home-built nebulizer at a
ﬂow rate of 4 L min−1 until a total aerosol volume
concentration of 30 μm3 cm−3 was attained. Experiments
were conducted under wet (∼50% RH) or dry (<10% RH)
conditions. Temperature and RH inside the chamber were
monitored using an OM-62 temperature relative humidity data
logger (OMEGA Engineering, Inc.). A summary of typical
experimental conditions is given in Table 1. Experiments were
repeated multiple times with similar results.
Trans-β-IEPOX (15 mg) was synthesized by a published
procedure26 and introduced into the chamber by passing high-
purity N2 gas at 2 L min
−1 through a manifold heated to ∼70
°C for 4 h. Following 4 h of reaction, SOA stabilized and
aerosol samples were collected onto Teﬂon membrane ﬁlters
(47 mm diameter, 1.0 μm pore size; Pall Life Science) at a ﬂow
rate of 25 L min−1 for 2 h. Exact mass loadings on the ﬁlters
were determined based on calculations of total volume sampled
multiplied by the average mass concentrations of aerosols
during the sampling period, and assuming a density of 1.25 g
cm−3 for IEPOX-derived SOA (i.e., isoprene low-NOx SOA) to
convert measured volume concentrations to mass concen-
trations.27 Following collection, ﬁlter samples were stored in 20
mL scintillation vials at −20 °C until analysis. Filters were
extracted with methanol, and subsequently analyzed by optical
and chemical measurements to examine the light-absorption
properties and molecular features of resultant SOA constitu-
ents.
Collection of aerosol samples onto ﬁlters with subsequent
oﬀ-line optical and chemical analyses is currently state-of-the-
art for characterizing aerosol composition, since online optical
instruments, such as the photoacoustic extinctiometer (PAX)
or cavity ring-down/photoacoustic spectrometer (CRD-PAS),
cannot provide detailed chemical characterization of the light-
absorbing aerosol components at the molecular level. In
addition, these online techniques are also limited in the
available wavelength response owing to the implementation of
discrete light sources. In order to determine the full absorption
properties from these measurements, it is necessary to calculate
the wavelength-dependence described using band gap theory28
or by calculating absorption Ångström exponents,29−31 whereas
UV−vis measurements directly measure the entire absorption
region of interest without the need for further assumptions. As
discussed in the Supporting Information, artifacts arising from
ﬁlter collection, post-collection storage and extraction processes
Table 1. Summary of Experimental Conditions
seed type acidity RH (%)a aerosol mass conc. (μg m−3)b organic mass conc. (μg m−3)c,d ⟨MAC⟩ (cm2 g−1)d,e
MgSO4 neutral dry 6.1 26.5
wet 58.6 32.5
acidiﬁed dry 8.6 66.6 29.6 344
wet 51.1 94.2 42.3 11
(NH4)2SO4 neutral dry 6.9 42.5
wet 48.9 84.9 43.4 15
acidiﬁed dry 5.5 169.2 117.1 8
wet 58.5 110.8 68.9 13
aChamber conditions before injection of trans-β-IEPOX. Temperatures ranged between 24 and 25 °C. bAerosol mass concentrations estimated from
measured volume concentrations and averaged over the course of ﬁlter sampling, with the aerosol density assumed to be 1.25 g cm−3. cEstimated
organic mass concentrations during ﬁlter collection. dBlanks indicate that there was no observable signals with our methods. eAveraged MAC over
290−700 nm.
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on SOA characteristics are unlikely to have aﬀected the results
of this study.
UV−visible Spectroscopy. Filter samples were extracted
in 20 mL of high-purity methanol (LC-MS Chromasolv, Sigma-
Aldrich) and sonicated for 45 min. Filter extracts were blown
dry with a gentle nitrogen stream, reconstituted in 1 mL
methanol, and transferred to a 1 cm path length quartz cuvette.
UV−vis spectra were acquired on a Hitachi U-3300 dual beam
spectrophotometer, scanning from 290 to 700 nm (at 300 nm
min−1) with methanol as reference. Extracts from seed aerosol-
only and blank Teﬂon ﬁlters were analyzed as controls.
UPLC/DAD-ESI-HR-QTOFMS. Chromatographic separa-
tion, optical detection, and mass spectral data were acquired
by ultra-performance liquid chromatography (UPLC) coupled
in-line to both a diode array detector (DAD) and high-
resolution quadrupole time-of-ﬂight mass spectrometer equip-
ped with an electrospray ionization source (ESI-HR-QTOFMS,
Agilent 6500 Series). Deatiled operating parameters for UPLC
and ESI-HR-QTOFMS have been published.32 Sample aliquots
(5 μL) were injected into the in-line DAD scanning over a
200−800 nm range (5 nm steps), and the eﬄuent was directed
into the ionization source of the mass spectrometer. Sodium
propyl sulfate (electronic grade, City Chemical LLC) was used
as a surrogate standard to quantify IEPOX-derived organo-
sulfates.
Gas Chromatography/Mass Spectrometry (GC/MS).
Aliquots (200 μL) of extracts used to acquire UV−vis spectra
were blown dry on a nitrogen evaporator at room temperature.
The residues were derivatized with 100 μL of BSTFA + TMCS
(99:1 v/v, Supelco) and 50 μL of pyridine (anhydrous, 99.8%,
Sigma-Aldrich), heated at 70 °C for 1 h prior to GC/MS
analysis. For analysis, 1 μL aliquots were injected onto an
Econo-Cap-EC-5 Capillary Column (30 m × 0.25 mm i.d.; 0.25
μm ﬁlm thickness) in a Hewlett-Packard (HP) 5890 Series II
Gas Chromatograph coupled to a HP 5971A Mass Selective
Detector. Operating conditions have been described previ-
ously.8 Then, cis- and trans-3-MeTHF-3,4-diols, as well as 2-
methyltetrols, were quantiﬁed with authentic standards. The 2-
methyltetrols served as surrogate standards for quantiﬁcation of
the C5-alkene triols.
Fourier Transform Infrared Spectroscopy (FTIR). The
ATR-FTIR spectra were recorded on a Thermoscientiﬁc FTIR
Spectrometer (Nicolet iS10, ∼20 bounce) equipped with a
Spectratech ATR with liquid trough accessory. Filters were
extracted in 20 mL of methanol and concentrated to ∼100 μL
under a gentle stream of N2. The concentrate was spotted onto
the ATR crystal and dried. The ATR-FTIR spectra were
acquired by averaging 512 scans with 4 cm−1 resolution over
4000−700 cm−1. Background correction was acquired using
methanol extracts of clean ﬁlters. A control spectrum of 100 μL
pure methanol dried onto the ATR crystal showed negligible
intensity in the 300−3400 cm−1 region, ruling out solvent
interferences.
Analysis of Ambient Fine Aerosol Samples. Ambient
PM2.5 samples collected from the rural Southeastern U.S.,
including Yorkville, GA, during the summer of 2010, and Look
Rock, TN, and Centreville, AL, during the 2013 Southern
Oxidant and Aerosol Study (SOAS), were analyzed to examine
the atmospheric relevance of our chamber ﬁndings. A detailed
description of the Yorkville site, collocated measurements, and
procedure for aerosol sample analyses by UPLC/DAD-ESI-
QTOFMS is given elsewhere.9 A detailed description of ﬁeld
sites and PM2.5 sampling during the 2013 SOAS campaign is
provided in Supporting Information.
■ RESULTS AND DISCUSSION
Light-absorbing material from isoprene oxidation products was
ﬁrst reported in a laboratory study in which SOA generated by
dark ozonolysis of high concentrations of isoprene appeared
light brown in color,33 but the investigators did not further
probe the source of the absorbance. Subsequently, the
formation of light-absorbing material in aerosol has been
examined by numerous laboratories with the speciﬁc objective
of elucidating potential chromophores and reaction pathways.
The focus of much of this research has been on dark reactions
of semivolatile carbonyls, particularly glyoxal and methylglyoxal,
in the presence of ammonia, ammonium ion, or other nitrogen-
containing compounds under a variety of conditions, and
demonstrated chromophores having C−N bonds.14−20 Oxida-
tion of a number of biogenic volatile organic compounds with
hydroxyl (OH) radicals or ozone and subsequent exposure of
the resulting SOA to ammonia yielded light-absorbing
products, although absorbance was not observed in the case
of isoprene SOA under these experimental conditions.34 Aldol
condensation of carbonyl-containing precursors6,22 and acid-
catalyzed oligomerization of alkenes, including isoprene and
terpenes,35 have also been investigated as a sources of light-
absorbing aerosols not containing C−N linkages. The results of
the laboratory and chamber investigations have been uniformly
interpreted as suggestive that the precursors investigated were
potential sources of atmospheric BrC, but conﬁrmation of the
relevance of experimental conditions to those in which BrC has
been observed in ﬁeld studies and the structures of the
compounds proposed as light-absorbing species is lacking.
Identiﬁcation of IEPOX isomers as major second-generation
photooxidation products of isoprene prompted our chamber
studies to test the hypothesis that oligomers from acid-
catalyzed reactive uptake of IEPOX might be processed to yield
chromophores under conditions of strong acidity and high ionic
activity at aerosol surfaces present under tropospheric
conditions. Table 1 summarizes chamber conditions and the
results of the reactive uptake of IEPOX investigated in this
work.
Experimental Conditions Yielding Light-Absorbing
SOA Extracts. Absorbance of SOA extracts can be described
by the wavelength-dependent eﬀective mass absorption
coeﬃcient (MAC, cm2 g−1)34,36 according to eq 1.
λ λ= ×
×
A
b C
MAC( )
( ) ln 1010
mass (1)
where A10(λ) is log10 absorbance at wavelength (λ) of SOA
extracts in solution, b is path length (cm), and Cmass (g cm
−3) is
the solution mass concentration of material from the
heterogeneous reactive uptake of IEPOX onto seed aerosol.
Cmass is derived from the diﬀerence between the measured total
aerosol mass concentration and the contribution of inorganic
seed aerosol. Measured concentrations are wall-loss uncor-
rected for direct comparison of measured optical properties
under diﬀerent experimental conditions. The light-absorbing
properties of IEPOX-derived SOA extracts obtained in the
experiments listed in Table 1 can be compared by MAC
averaged over the wavelengths associated with natural sunlight
(290−700 nm) determined by eq 2.
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∫ λ λ= − ×MAC
1
(700 290) nm
MAC( ) d290nm
700nm
(2)
Lambe et al.37 performed experiments to compare the
diﬀerence between MAC values assessed with online cavity
ring-down spectrometry coupled with photoacoustic spectrom-
etry (CRDS-PAS) and those obtained with UV−vis measure-
ments of ﬁlter extracts. The authors concluded that there is
generally good agreement with MACs diﬀering by 25% or less
between techniques. In many cases, it appears that this
diﬀerence is within the limits of measurement error, indicating
that the extraction processes does not appreciably alter the
aerosol optical properties.
Notably, aerosol samples collected from IEPOX uptake onto
dry acidiﬁed MgSO4 seed were visibly brown in color (as
shown in TOC Art). The MAC of ﬁlter extracts had a strong
absorbance maximum at ∼300 nm with a broad, partly resolved
shoulder at ∼340 nm tailing toward 500 nm in the visible
region (Figure 1). The ⟨MAC⟩ was 30-fold higher (Table 1)
than that obtained from acidiﬁed MgSO4 seed aerosol under
conditions of higher RH; however, traces of extracts from the
higher RH experiments were qualitatively similar, suggesting
the presence of similar chromophores at greatly reduced
concentration. Under neutral conditions, neither SOA growth
nor browning was observed when using MgSO4 seed regardless
of RH, indicating that acidity is a key factor leading to
browning. The magnitude of browning shown in Table 1 falls
in the range of ⟨MAC⟩ values (50−500 cm2 g−1) reported
previously for isoprene and monoterpene SOA aged in the
presence of NH3 in the absence of aerosol acidity.
34 In the
present work, generation of strongly absorbing chromophores
derived from IEPOX uptake is not dependent on the presence
of nitrogenous compounds or carbonyls. Comparisons of MAC
values from ﬁeld and laboratory studies of organic aerosols
reported by Updyke et al. indicate that the measured MACs
from IEPOX-derived light-absorbing organic carbon are lower
than biomass burning aerosol.34 However, considering the
abundance of IEPOX-derived SOA (upward of 33% of the total
organic aerosol mass in the Southeastern U.S. during
summer),10 the impact on regional radiative forcing could
still be signiﬁcant and warrants further investigation.
Only minimal light-absorbing material was observed in
experiments with (NH4)2SO4 seed aerosol under all conditions,
despite the added presence of nitrogen from ammonium sulfate
seed. Despite lack of browning, signiﬁcant SOA growth was
observed in experiments at high RH with neutral (NH4)2SO4
seed, in contrast to the results with neutral MgSO4 seed under
high-RH conditions. These results are consistent with a recent
study showing elevated RH conditions facilitate SOA growth
from IEPOX uptake by nonacidiﬁed (NH4)2SO4 seed
aerosols.38 This suggests that higher RH may be associated
with higher aerosol liquid water content or change of phase
state from solid to liquid-like particles that promotes IEPOX
uptake and leads to subsequent SOA formation.39 Formation of
a miscible aerosol liquid phase below the deliquescence RH of
80% by inorganic (NH4)2SO4, water, and SOA products from
isoprene photooxidation has been reported.40 However, these
results suggest overall that high-RH environments (and thus,
reduced aerosol acidity) are not favorable for IEPOX-derived
BrC formation.
Aerosol Acidity. Since acidic and low-RH conditions were
essential for the production of IEPOX-derived BrC and
browning is only observed in the presence of dry acidiﬁed
MgSO4 seed aerosols but not for the dry acidiﬁed (NH4)2SO4,
aerosol pH was estimated by ISORROPIA II,41 an aerosol
thermodynamic equilibrium model to examine the eﬀect of
seed compositions and aerosol acidity. Our results suggested
that aerosol acidity is the key parameter leading to this
diﬀerence. For dry acidiﬁed MgSO4 seed aerosol (RH = 8.6%),
pH was estimated to be 0.62, whereas for dry acidiﬁed
(NH4)2SO4 seed (RH = 5.5%), a signiﬁcantly higher pH of 2.25
was estimated. Some uncertainty in the calculation of pH for
(NH4)2SO4 seed using ISORROPIA II arises from the
extensive formation of organosulfates on reactive uptake of
IEPOX,42 which depletes the concentration of free inorganic
sulfate and causes charge imbalance. However, our pH
estimates for both acidiﬁed seed types are similar to those of
Gao et al.43 and clearly establish that the formation of light-
absorbing constituents from IEPOX on the acidiﬁed MgSO4
seed was catalyzed by a substantial decrease in pH relative to
the acidiﬁed (NH4)2SO4 seed. Importantly, the observations of
low aerosol pH in ambient PM2.5 have been reported in several
studies.44,45 Evaporation of aerosol droplets in the atmosphere
as a consequence of decreasing relative humidity (RH) is
known to provide a highly concentrated and supersaturated
microenvironment within the shrinking droplets that shifts
chemical equilibria.15,17,36
Additionally, MgSO4 aerosols have been reported to form a
gel-like chain structure of contact ion pairs at low-RH
conditions.15,16 We suspect that the formation of such chain
structures limits the mass transfer (and thus uptake) of IEPOX
and inﬂuences the phase state of seed aerosols. The possible
involvement of Mg2+ chemistry is discussed in the Supporting
Information.
Molecular Composition of IEPOX-Derived BrC. Figure 2
compares the traces of (A) optical density at 365 nm, (B)
negative ion total ion chromatogram (TIC), and (C) positive
ion TIC from analysis of ﬁlter extracts of SOA collected in the
experiment with dry acidiﬁed MgSO4 seed, the only conditions
leading to visible browning. The analysis was performed by
gradient elution reverse-phase UPLC interfaced with a DAD-
ESI-HR-QTOFMS. Signiﬁcant optical density between 10 and
13 min, where less polar components are expected to elute,
coincides with signiﬁcant intensity in the positive TIC trace.
Figure 1. Mass absorption coeﬃcient (MAC) for IEPOX-derived
light-absorbing SOA constituents under diﬀerent experimental
conditions.
Environmental Science & Technology Article
dx.doi.org/10.1021/es503142b | Environ. Sci. Technol. 2014, 48, 12012−1202112015
UV−vis spectra extracted from the DAD trace at retention
times greater than 9 min are consistent with UV−vis spectra
from bulk measurements (Figure S1) and indicate that the
light-absorbing materials represent relatively nonpolar compo-
nents of the ﬁlter extracts. Notably, the absence of artifacts in
our ﬁlter-based approach to characterization of light-absorbing
aerosol components is further supported by the similarity of
UV−vis spectra of our bulk ﬁlter extracts to the absorption
Figure 2. Molecular composition of IEPOX-derived SOA generated under dry acidic conditions with MgSO4 seed aerosol: (A) UPLC diode array
detector (DAD) trace at 365 nm with reference at 700 nm; (B) negative ion mode total ion chromatogram (TIC); (C) positive ion mode TIC; and
(D) background subtracted mass spectrum corresponding to the positive ion mode TIC for compounds eluting between 10 and 13 min. These
traces show that only SOA constituents eluting late in the positive ion mode TIC are associated with light-absorbing properties. Mass spectral data
show dehydrated oligomeric products derived from reactive uptake of IEPOX. Mass units between oligomeric ions observed in part D diﬀer by 100
and 82 Da, corresponding to C5H8O2 and C5H6O. The chemical formulas of detected major ions (protonated or sodiated oligomers) are listed in
Table S1. Colored lines: sample from dry acidic experiments with MgSO4 seed. Black lines: blank Teﬂon ﬁlters (no SOA collected).
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spectra of ambient aerosol in Athens, GA, acquired by online
UV−vis photoacoustic spectrophotometry.46
Among the IEPOX-derived SOA tracers characterized by
GC/MS and UPLC/DAD-ESI-HR-QTOFMS, including 2-
methyltetrols,47 C5-alkene triols,
48 dimers,49 IEPOX-derived
organosulfates8 and isomeric 3-methyltetrahydrofuran-3,4-diols
(3-MeTHF-3,4-diols),25 only 3-MeTHF-3,4-diols were associ-
ated with enhanced light absorbance at 365 nm (a surrogate
wavelength for BrC absorption)11 (Figure S2). The acid-
catalyzed IEPOX cyclic rearrangement products (3-MeTHF-
3,4-diols) were present only under the same dry, acidic
conditions which produced the potentially light-absorbing
oligomers.
The molecular weights of the major ions in the 10−13 min
range are separated by mass units of 100 Da (C5H8O2) and 82
Da (C5H6O). The compositions in Figure 2D, determined by
high-resolution mass measurements, correspond to protonated
or sodiated oligomers composed of 5-carbon monomers up to
10 units (Table S1). Multiple oligomers for ions containing
identical numbers of C5-units were distinguished by increasing
double bond equivalents (DBEs) accompanied by decreasing
water equivalents. DBEs increased from a minimum of 7 in the
4-unit ions to 16 in the 10-unit ions, and overall the oligomers
contained high DBEs (i.e., degree of unsaturation) coincident
with the absorbance observed at 365 nm. Intensity of the
positive ion TIC between 5 and 8 min (Figure 2C) suggests
that more polar compounds may account for a signiﬁcant mass
of SOA collected, but do not contribute to optical density. The
compositions of the ions eluting during the 5−8 min time
frame were also determined by high-resolution mass measure-
ments and found to correspond to oligomers composed of up
to six C5 units containing no more than 2 DBE (Table S1),
coincident with the lack of absorbance at 365 nm.
Full-scan mass spectra along with tandem mass spectra
(MS2) of speciﬁc ions provide insight into possible structures
and pathways of oligomer formation. Between 5 and 8 min, a
series of ions having compositions consistent with polyether
polyols composed of C5 units with no DBE are in accord with
IEPOX oligomerization. IEPOX dimer ethers as well as larger
IEPOX oligomers have been reported previously.8 Since trans-
β-IEPOX, which is the predominant IEPOX isomer formed in
photochemical oxidation of isoprene,50 is the monomeric unit
in this study, the polymer backbone will consist of two-carbon
units (C2−C3 of the 4-carbon isoprene backbone) linked by
the ether oxygens, with each backbone carbon having a pendant
hydroxymethyl group (Figure 3A). On the strongly acidic
catalytic surface of the seed, the pendant hydroxymethyl groups
may cyclodehyrate to increase DBE via formation of
tetrahydrofuran (THF) rings (Figure 3B). This structure is
supported by tandem mass spectra of initially formed
polyethers with 0 DBE, which are characterized by loss of 1
C5 unit (118 Da; C5H10O3) or 2 C5 units (236 Da; C10H20O6)
as neutral monounsaturated fragments (Figure S3). Tandem
mass spectra of polyethers having 1 DBE lose either the cyclic
C5 unit as a dihydrofuran (100 Da; C5H8O2) or two C5 units
including the ring (218 Da; C10H18O5) (Figure S4). The
molecular composition of less polar ions eluting between 9 and
14 min requires the elimination of a greater number of water
equivalents than could be gained by cyclodehydration of
pendant hydroxymethyl groups of the initially formed
oligomers. We propose that additional DBEs are gained by
dehydrative loss of ether oxygens leading to C−C coupled 5-
membered rings that could generate structures exempliﬁed in
Figure 3C−D. Oligomers observed in ﬁlter extracts of SOA
collected under low-RH conditions and acidiﬁed MgSO4 seed
encompass a large range of compositions observed and exact
mass measurements along with proposed structures and
tandem mass spectra are presented as Supporting Information
(Table S1 and Figure S3−S5). The structures in Figure S3−S5
are tentatively proposed as consistent with MS and MS2 data;
however, the broad peaks in chromatographic separations likely
reﬂect a chemically complex mixture containing isomeric
chromophores. We also note that more highly unsaturated,
less oxygenated oligomers that may be observed in the DAD
traces (Figure 2B−C) are generally not eﬃciently ionized by
ESI and may not have been detected in the mass spectrometric
analysis. While structures and pathways proposed in this report
are considered to be reasonable and consistent with
observations, it is to be understood that they are speculative
(tentative). However, cyclodehydration with of the 5-
membered tetrahydrofuran ring is a highly favorable reaction
and has been reported in the synthetic literature for Lewis
acids51 and strong organic acids (p-toluenesulfonic acid),52
triﬂuoroacetic acid53 (unspeciﬁed pH), at ambient or
subambient temperatures. Additional mechanistic discussion
can be found in the Supporting Information.
The FTIR spectra of bulk extracts of nonlight absorbing
ﬁlters illustrated in Figure 4B−C are characterized by strong
absorbance at frequencies assigned to alcohol O−H (3300−
3500 cm−1) and primary sp3 C−H stretching modes (<3000
cm−1). There is little intensity attributable to CO stretching,
which would give rise to strong bands at frequencies ∼1700
cm−1. Strong absorbance appears between 950 and 1300 cm−1,
where ether C−OC and alcohol C−OH stretching occurs.
The bulk FTIR spectra are thus in overall accord with
expectation for mixtures containing the major tracers of reactive
Figure 3. Tentatively proposed evolution of oligomeric species in
IEPOX-derived SOA. (A) Initial oligomer derived from H+ initiated
opening of IEPOX oxirane ring; (B) tetrahydrofuran ring formation (1
DBE/ring) by cyclodehydration of pendant hydroxymethylene groups;
(C and D) proposed dehydration of ether linkages with formation of
dihydrofuran rings (2 DBE/dihydrofuran ring for panel C, 3 DBE total
for panel D).
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uptake of IEPOX, which include the isomeric 3-MeTHF-3,4-
diols, C5-alkene triols, 2-methyltetrols, and dimer ethers as well
as the oligomeric components. In the FTIR spectrum of the
bulk extract of the light-absorbing IEPOX-derived SOA, Figure
4A, a broad, intense absorbance centered at ∼1150 cm−1
replaces multiple bands resolved over the frequency range
975−1350 cm−1. This change is accompanied by growth of
intensity in the range 1650−1600 cm−1 where CC stretching
is expected. The presence of hydroxy groups, ether bonds, and
unsaturation is in accord with UPLC/DAD-ESI-HR-QTOFMS
analysis of the extracts of acidiﬁed MgSO4 seed aerosol and the
structures proposed for the light-absorbing oligomers (Figure
2). The FTIR spectra in Figure 4 are qualitatively similar to the
FTIR spectrum reported by Limbeck et al.23 for the formation
of polymeric brown SOA species in ﬁlter extracts, consistent
with HULIS, generated by the heterogeneous reaction of
isoprene with sulfuric acid impregnated on quartz ﬁber ﬁlters.
Detection of Oligomers in Ambient Fine Aerosols.
Based on the results of the chamber studies, the presence of the
IEPOX-derived light-absorbing oligomers was investigated in
ambient PM2.5 samples collected at three ﬁeld sites during
summer in the Southeastern U.S. where IEPOX chemistry has
been reported to play a major role in the formation of SOA.9,10
The extracted ion chromatograms (EICs) in Figure 5 conﬁrm
the presence of the same oligomers in the ﬁeld samples (Table
S2) that were observed in the chamber studies (Table S1). The
retention times are coincident with enhanced light absorption
in the eluates of chamber ﬁlters and the same trend of higher-
order oligomers eluting later in the chromatographic run is
observed. In the chamber experiments, the 3-MeTHF-3,4-diols
formed exclusively under acidic conditions and correlated with
ﬁlter browning. The 3-MeTHF-3,4-diols at ﬁeld sites (up to
57.7 ng m−3) are present in samples where high DBE oligomers
are detected,9 and low aerosol pH has been reported for
atmospheric particulates under the inﬂuence of anthropogenic
SO2 emissions. Consistency between ﬁeld and chamber
analyses thus support the atmospheric relevance of our
chamber ﬁndings. Additionally, the more hydrated forms of
oligomeric species observed in the chamber studies are also
observed in the ﬁeld samples collected from the same region.
Atmospheric Implications. Light-absorbing oligomeric
SOA constituents characterized in this study from both
laboratory and ﬁeld samples reveal the potential signiﬁcance
of IEPOX as a previously unidentiﬁed source for regional BrC
formation over the rural Southeastern U.S. in summer when the
inﬂuence of biomass burning is low.11,12 Formation of IEPOX-
derived BrC observed under dry and acidic conditions in our
chamber experiments implies that the ongoing heterogeneous
and aerosol-phase chemistry leading to BrC formation
facilitated by aerosol acidity is a kinetic-limited process. Further
investigation of IEPOX-derived BrC formation via extended
chemical aging is needed to elucidate the kinetic eﬀects and the
formation processes under atmospherically relevant scenarios.
Identiﬁcation of oligomeric species at the molecular level in
ambient aerosols linked to IEPOX pathways adds to the current
understanding of unresolved organic aerosol mass in regions
impacted by high isoprene emissions under low-NOx
conditions. Quantiﬁcation of known isoprene SOA tracers
can explain ∼60−70% organic aerosol mass from current
chamber experiments. A recent comparison of ﬁeld measure-
ments with a modeling simulation based on currently known
IEPOX chemistry predicts much less mass than observed in the
ﬁeld.54 The observations of oligomers in SOA also have
important implications for the aerosol phase state that aﬀects
the rate of heterogeneous reactions and mass accommodation.
Together with recent aircraft data showing BrC can contribute
to ∼20% of the radiative forcing in this region,13 understanding
of the proportion of measured BrC in this region attributable to
the IEPOX pathway is important for improving current climate
model representation, and assessing the impact of BrC on
regional climate.
■ ASSOCIATED CONTENT
*S Supporting Information
Additional discussion regarding quality assurance for oﬀ-line
chemical analyses, tentatively proposed mechanisms, and
descriptions for PM2.5 sampling during the 2013 Southern
Oxidant and Aerosol Study (SOAS) is provided. Detailed
Figure 4. FTIR spectra of bulk IEPOX-derived SOA extracts from
ﬁlters in experiments with (A) dry acidiﬁed MgSO4; (B) wet acidiﬁed
MgSO4; and (C) dry acidiﬁed (NH4)2SO4 seed aerosols.
Figure 5. Observations of IEPOX-derived light-absorbing oligomers in
ambient ﬁne aerosols collected from the southeastern U.S. region
(Yorkville, GA) during the summer of 2010.
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accurate mass ﬁttings for measured ions from chamber
experiments and ﬁeld samples are listed in Tables S1−S2.
UV−vis spectra from UPLC/DAD and bulk measurements are
provided in Figure S1. Comparisons of the light absorbance and
characterized SOA tracers are provided in Figure S2. Additional
mass spectra and proposed structures are shown in Figures S3−
S5. Figure S6 provides extracted ion chromatograms of
identiﬁed oligomer series from chamber samples. This material
is available free of charge via the Internet at http://pubs.acs.
org/.
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